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It has been previously reported that after the ingestion of adrenaline in 
man a substance showing the properties of an adrenaline ester is eliminated 
in the urine (Richter, 1940a, b). The formation of an adrenaline ester 
under these conditions has now been confirmed by pharmacological ex- 
periments and the properties of the ester have tjeen further studied. 

Methods. Purification of ester. A dose of 10 mgm. adrenaline in 10 
ml. 0.5 per cent acetic acid containing 50 mgm. glycine was taken by one 
of us (D. R., 76 kgm.) by mouth and urine was collected for 2 hours before 
and 4 hours after administration. In order to avoid interference from 
other pressor substances which might be present in the urine the specimens 
were subjected to the following process of purification: 

The urine specimens were diluted to a concentration corresponding to 
100 ml./hr. To 100 ml. diluted urine were added 35 ml. 25 per cent 
normal lead acetate. The precipitate was centrifuged off and the clear 
solution made alkaline (pH 9) with strong ammonia solution. The pre- 
cipitate which formed on standing for 15 minutes was separated b}^ cen- 
trifuging, suspended in 4 ml. water and decomposed by slowly adding 60 
per cent sulphuric acid and shaking vigorousb"- until acid to Congo Red. 
The lead sulphate was centrifuged off, leaving a clear solution containing 
the phenol esters. A portion of this solution (3 ml.) was then h 3 Mrol 3 ^sed 
by heating for 30 minutes on a boiling water bath with 0.22 ml. concen- 
trated sulphuric acid. After cooling, 0.1 ml. saturated sodium acetate 
solution was added and the solution was brought to pH 3 b 3 ’ adding 40 per 
cent sodium hydroxide. ’ The solution was cooled by shaking in a bath of 
cold water during the addition of the sodium hydroxide and the pH wa.s 
controlled by adding drops of the solution on a glass rod to drops of in- 
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dicator (Thymol Blue and Bromphenol Blue) on a glass plate. Care was 
taken to avoid making the solution alkaline. A dark coloured precipitate 
which formed in the solution was removed Ijy centrifuging. The hy- 
drolysed portion was diluted to 5 ml. and 3 ml. of the unhydrol 3 ’^sed portion 
were also diluted to 5 ml. In this waj-^ 4 solutions were prepared; solutions 
(A) lij'^drolysed and (C) unhj’-drolj'sed, from the urine after taking adrenal- 
ine, and solutions (B) hydrolj'^sed and (D) unhj’-drolysed, from the normal 
urine before taking adrenaline. 

Pharmacological tests. Spinal cats were prepared as described bj’’ Burn 
(1937). The movements of the nictitating membrane were recorded bj"^ an 
isotonic lever after removal of the e 3 '^eball in a cat anesthetised with 
chloralose. 

The intestine was prepared b 3 ’’ making two longitudinal slits at about 10 
cm. apart, separating the muscle from the mucosa, inserting cannulae in 



Fig. 1. Cat 3.8 kgm. spinal. Blood pressure response. A, 0.2 ml. solution from 
hydrolysed urine after adrenaline. B, 0.2 ml. solution from hydrolysed urine before 
adrenaline. C, 0.2 ml. solution from unhydrolysed urine after adrenaline. D, 
0.2 ml. solution from unhydrolysed urine before adrenaline. E, Response to 2 mgm. 
adrenaline. 

the free ends of the mucosal lay’^er and recording the movements k 3 '^mo- 
graphically, as described by Babkin (1928). The adrenaline and other 
solutions were injected intravenous^n 

Results. Blood pressure of spinal cat. The cat showed a clear blood 
pressure rise with 1 mgm. adrenaline. Neither of the solutions (B and D) 
obtained from normal urine, nor the solution (C) containing the adrenaline 
ester, had any pressor action; but the solution (A) containing the h 3 ^- 
drol 3 '^sed adrenaline ester gave a clear pressor response. The form of the 
pressor response to solution (A) was identical with that given b 3 ’^ pure 
adrenaline (fig. 1). 

The identit 3 ' of the pressor substance in solution (A) with adrenaline 
was further confirmed b 3 r showing that it gave the characteristic reversal 
of the pressor action after administering ergotoxine. 

N'lchtating membrane and intestine. The nictitating membrane and 
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intestine showed a definite response to 1 mgm. adrenaline. The effects of 
the urine preparations on these structures are illustrated in figure 2. 

With 1 ml. of the solutions prepared from urine before administering 
adrenaline (B and D) the response was negative. The response with un- 
hj^drolj’^sed urine after taking adrenaline was onlj’- slight and corresponded 
to less than 1 mgm. /ml. adrenaline, while solution (A) containing the 
hydrolj^sed ester gave responses corresponding to 25 mgm./ml. adrenaline. 
The slight response obtained with solution (C) containing unhydrolysed 
adrenaline ester corresponded to less than 5 per cent of that obtained after 
hydrolysis and may be attributed to slight hydrolysis at the ordinary 
temperature since it was not observed in every experiment. 



Fig. 2. Cat 2.5 kgm. female. Chloralose. Upper tracing movements of small 
intestine; lower tracing movements of nictitating membrane. A, 25 mgm. adrenaline. 
B, 1 ml. solution from hydrolysed urine after adrenaline. C, 1 ml. solution from 
unhj^drolj^sed urine after adrenaline. D, 1 mgm. adrenaline. E, 1 ml. solution from 
hydrolysed urine before adrenaline. F, 1 ml. solution from unhydrolysed urine 
before adrenaline. 

Rate of elimination of adrenaline ester. Quantitative estimations of the 
total amount of adrenaline ester eliminated could not be made on the 
purified solutions, since some of the e.ster was lost during the lead pre- 
cipitations; an attempt was therefore made to estimate adrenaline directl}'- 
in the urine after hj^drolysis. 

The urine specimens collected before and after taking adrenaline were 
diluted to 100 ml. /hr. and hydrolysed Ijy heating with sulphuric acid under 
the conditions described above. The adrenaline was then estimated quan- 
titatively by the blood pressure in a .spinal cat. 

hio appreciable amount of jiressor substance was found in the liydrol 3 ^sed 
urine collected before taking adrenaline: the amount found after taking 
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10 mgm. adrenaline corresponded to 6.1 mgni. adrenaline/ml. in the urine 
collected in the first 4 hours and 1.5 mgm. /ml. during the subsequent 5 
hours. 

The total amount of adrenaline found in the urine was 2.4 mgm. in 4 
hours and 3.2 mgm. in 9 hours or 32 percent of the amount administered. 
The recovery of adrenaline in this experiment was lower than was found 
in previous experiments using the chemical methods of estimating adre- 
naline (Richter, 1940a) ; but the elimination was probably not complete in 
9 hours and the rate of absorption of adrenaline may have been delayed in 
this case by the fact that the subject took a meal 55 minutes after taking 
the adrenaline. 

Discussion. The present experiments confirm the presence of an adre- 
naline ester in the urine after the ingestion of adrenaline. The ester is 
pharmacologically inactive, or much less active than adrenaline, when 
tested on the lilood pres.sure, nictitating membrane and intestine of the 
cat. This agrees with the conclusion that the adrenaline ester is an 
inactivation product. 

Experiments in vitro have shown that adrenaline is readily oxidised by 
the enzymes catechol oxidase, amine oxidase and the cytochrome oxidase 
system (Green and Richter, 1937; Blaschko, Richter and Schlossmann, 
1937 ; Richter, 1937) and it has been generally concluded that adrenaline is 
also inactivated in vivo b}'’ oxidation bj’^ one or other of these systems. It 
has been shown, however, that mammalian tissues do not contain an active 
catechol oxidase (Bhagvat and Richter, 1938), and further that the action 
of the amine oxidase is too slow to account for the observed rate of inac- 
tivation of adrenaline in the body unless it is assumed that the amine 
oxidase is much more active in vivo than in vitro (Richter and Tingej'^, 
1939). Oxidation by the cytochrome system appears questionable when 
it is considered that apart from adrenaline many other substances such as 
hydroquinone, catechol, homogentisic acid and corbasil, which are readily 
oxidised b 3 " the cytochrome system in vitro are able to escape oxidation by 
this system in vivo, since thej'’ may be found to a considerable extent esteri- 
fied or unchanged in the urine. The oxidation of adrenaline is certainlj’’ 
important in tissue preparations in vitro and is a factor that must be taken 
into account in biochemical and pharmacological experiments, but there is 
no evidence that adrenaline is oxidised in vivo: esterification is the onlj^ 
mechanism of inactivation for which there is, so far, anj’’ evidence, under 
normal phj'^siological conditions. 

Chemical evidence indicates that the adrenaline ester found in the urine 
is probablj’’ the sulphate ester, in which esterification has occurred at one 
of the phenolic hj^droxjd groups. Such an inactivating mechanism 
would involve the “sulphosjmthase” sj^stem, which is responsible for 
the sjmthesis of sulphate esters. This is an endothermic reaction which 
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requires that it should be coupled, with an energy-producing reaction and 
that a source of energy such as a supply of oxidisable carbohydrate and 
oxygen should be present in addition to the sulphate. Inactivation by es- 
terification will therefore depend on the general metabolic condition and the 
oxygen supply of the tissues as well as on the presence of the enzyme. 

Analogy with other phenols suggests that the esterification of adrenaline 
occurs mainly in the liver, but it may occur also in other tissues since it 
has been shown that phenols are esterified after hepatectomy or even after 
evisceration (Marenzi, 1937; Barac, 1937). Further experimental work 
must be carried out before the significance of esterification in the inactiva- 
tion of adrenaline liberated from the adrenals or from the sympathetic 
neurons under normal physiological conditions can be assessed. 

SUMMARY 

1. It has been confirmed that an adrenaline ester passes into the urine 
after adrenahne has been administered by mouth in man. 

2. The adrenaline ester is pharmacologically inactive when tested on 
a, the blood pressure; &, the nictitating membrane, and c, the intestine of 
the cat. 

3. Adrenaline liberated from the ester by hydrolysis shows the same 
properties as pure 1-adrenaline when tested by these methods and shows the 
characteristic reversal in the pressor action by ergotoxine. 

The authors wish to thank Prof. S. Nevin for his interest and Sir Henry 
Dale for his practical advice and assistance with some of the experiments. 
They also thank the Rockefeller Trust for supporting this investigation. 
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The 'preparation of a re-entrant fistula. To combine the advantages of 
the various methods which have been employed for the purpose of collect- 
ing the contents of the gastro-intestinal tract for the study of digestion 
in dogs and at the same time to eliminate as many as possible of their dis- 
advantages, a new type of preparation which has been called the “re-entrant 
fistula” has been developed. In general the method involves sectioning 
the intestine and inserting a silver cannula into the side of each of the blind 
stumps formed by closure of the cut ends. These cannulae are exteriorized 
and connected external^ bj'’ a flexible rubber U-tube bearing a short 
side-arm. With this type of fistula the chyme simply flows from the 
upper to the lower segment of the intestine through the U-tube and no 
special care of the animal is required. Clamping the U-tube distal to the 
side-arm prevents passage of chyme beyond this point and permits re- 
coverj'^, from the side-arm, of the entire meal apart from what has been 
absorbed. Moreover, abnormal activity of the intestine caused by ob- 
struction is obviated. This type of fistula is also useful in studies of 
absorption and secretion, and the visibility afforded by inserting a section 
of glass tubing into the rubber U-tube provides an excellent method for 
obtaining positive information concerning the mechanics of the digestive 
tract. 

A general statement of the method has already been presented in abstract 
form (1) and the surgical procedure has been illustrated by Marko-witz 
(2) but no description of technical details has yet been published. Since 
the appearance of these interim reports the authors have had extensive 
experience vdth the preparation and have worked out detailed surgical 
and postoperative procedures Avhich have greatly improved the ease of 
preparing and maintaining the animals, These are reported in this paper. 
Some results of experiments are also given to indicate the normality of the 
preparation. 

Nulliparous female dogs about one year old have been found to be the 
most satisfactory. It is advisable to clip the entire coat of hair and to 
withhold food for 18 hours before the operation, which must be performed 
under as rigidly aseptic conditions as obtain in human abdominal surgery. 
The procedure is as follows : 
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Stage 1. Laparotomy is carried out by the usual technique and a seg- 
ment of the intestine is packed off. 

Stage 2. After tying off the mesenteric vessels the gut is transsected 
between straight Carmalt forceps (i.e., clamps with longitudinal grooves). 
The cut ends, mobilized somewhat by dividing the mesentery for a short 
distance between them, are closed by the Parker-Kerr method. 

Stage 3. An incision is made along the anti-mesenteric border of the 
upper stump and a Murphy purse-string laid down. When the cannula 
has been inserted, the purse-string is draw tight and tied. It has been 
found advantageous to pass the tied ends of the purse-string back around 
the cannula to be tied again, thus further securing the cut edges of the 
incision to the cannula. A second purse-string, when drawn tight, in- 
vaginates the first line of suture effectively. The omentum is bisected 
between ligatures. The right half is folded on itself and the upper cannula 
passed through the center of this double layer. Four suspension sutures, 
superior, inferior, right and left, passing through the omentum and into 
the muscularis mucosa, are placed 1 cm. from the cannula. The lower 
stump is dealt with similarly. 

Stage 4- A trocar is used to exteriorize the cannulae which are placed 
to the right of the mid-line about 7 cm. apart in the same sagittal plane, 
with the upper cannula clearing the ribs comfortably. A Reverdin needle 
is invaluable in exteriorizing the suspension sutures. It should be empha- 
sized that these suspension sutures must be tied lightly. The abdomen is 
closed by the usual technique. The outer flanges of the cannulae are 
screwed on and the cannulae are connected by a flexible rubber U-tube. 
Gauze is packed about the tubes and a protective harness is put on the 
animal. 

The purpose of the harness is to maintain in position a celluloid shield 
which protects the caimulae and rubber tube. The shield, 10 cm. long, 
6 cm. ivide and 6 cm. deep and perforated by numerous holes to allow free 
circulation of air, is .sewn securely to the. harness. The harness proper, 
of double thickness factory cotton, is provided with straps and buckles for 
ease in adjusting it to the animal firmly enough to eliminate movement 
of the shield. 

Special requirements. Each cannula is of solid silver and weighs about 
30 grams. The barrel is 4' cm. long irith an internal diameter of 10 mm. 
and an external diameter of 12 mm. It is threaded right down to the 
internal flange. The latter is oval, 1.8 cm. in its narrowest and 2.7 cm. in 
its widest diameter. The outer flange is circular, 2.7 cm. in diameter and 
5 mm. thick in the center, thinning to about 1 mm. at the edge. It is 
threaded to screw on to the cannula. The above measurements are those 
for cannulae to be used in the upper jejunum. 

The trocar is a piece of tapered brass rod 6 cm. long. The cutting end, 
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1 cm. in diameter, has three edges coming to a point. The base, 1.5 cm. 
in diameter is drilled and tapped so that it can be screwed on to the cannula 
by a few turns after the former has been forced through the body wall. 
By pulling the trocar through, the cannula follows and is thus very easily 
exteriorized and a good snug fit ensured. 

The flexible rubber tube connecting the external ends of the cannulae 
is constructed as follows. A glass form of the desired shape is dipped 
several times in liquid latex. When cured by gentle heating, a very strong 
rubber tube results, which is XJ-shaped, rvith a short side-arm. This latter 
is closed by a removable glass bung. 

Post-operative care. The harness is removed twice a day. The incision 
is gently washed with warm soapy water, followed by 65 per cent alcohol 
and the gauze dressing is changed. If the outer flanges of the cannulae 
cut into the skin, a large flexible rubber washer is inserted between skin 
and flange. A carbolized glycerine solution is effective in clearing up 
minor skin infections. After 3 to 4 days the dog is allowed to lick the 
wound while under observation. An inclination to bite the tubes can 
sometimes be discouraged but the tendency, if present, is usually incor- 
rigible. If the tubes are well tolerated the harness is left off during the 
daytime at first, and later discarded altogether. The median incision 
usuall}’- heals completely in 10 days, after which the animals look after 
themselves, keeping the abdomen clear of any exudate appearing around 
the cannulae. 

Glucose (10 per cent) in normal saline (20 cc. per kgm. tudce a dajO 
is given intravenously for the first 4 to 5 days. The glucose and saline 
may then be given by mouth and milk substituted in gradually increasing 
proportions. About the tenth day, a little minced beef heart may be 
added and by the 14th day the animal should be on a full diet of minced 
beef heart (1 lb. per day) and milk (1 pt. to 1 qt. per day). This has 
been found to be an excellent maintenance ration, no vitamin or mineral 
supplements being needed. 

The animals are kept in clean cages and reasonably warm (70°F.). 
Moderate exercise in the sun and open air aids in keeping them healthjL 
They are prevented from eating hair, bones, sawdust or pebbles and must 
not be fed raw vegetables, shredded wheat, dog biscuit or any similar 
granular material. Such substances tend to jfack and plug the cannulae 
and may ruin the preparation. 

The operation is not difficult and once the technique has been mastered 
operative mortality is negligible. Peritonitis has been encountered only 
once in the last twenty-eight consecutive preparations. Abdominal 
catastrophes, viz., intussusception, volvulus, portal thrombosis and acute 
enteritis are rare complications. When local infection, obstruction or 
excessive movement of the tubes leads to leakage of intestinal juice along 
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the cannulae, rapid digestion of the surrounding tissue takes place and 
such animals usually become useless. Some dogs will bite the U-tube at 
every opportunity, particularly those which are difficult to handle or those 
which have had litters. Others, e.g. Dalmatians, appear to be constitu- 
tionally unsuitable for this type of work. In a large series, the average 
duration of life post-operatively has been about two and one-half months. 
Several preparations have survived four months. This survival period, 
although not as long as might be desired, has made it possible to perform 
between twenty and twenty-five separate experiments per dog. Ulti- 
mately, in these preparations, one or both cannulae have come out of 
the intestine although still held in the abdominal wall and connected by a 
tunnel of fibrous tissue to the intestine. Subsequently the dense fibrous . 

TABLE 1 


The time of disappearance of the x-ray shadow of a meat-barium sulphate meal in 

operated and unoperated dogs 


DOG 

NUMBER 

CONDITION 

MEAL 

TIME OP DISAPPEARANCE 
OF SHADOW PROM STOM- 
ACH AND S&IALD IN- 
TESTINE 

3 

Operated 

100 grams beef heart + 65 grams BaSO^ 

3 hours 30 min. 

3 

Operated 

100 grams beef heart + 65 grams BaS 04 

4 hours 0 min. 

3 

Operated 

100 grams beef heart -p 65 grams BaSO^ 

4 hours 0 min. 

18 

Operated 

100 grams beef heart + 65 grams BaSOi 

3 hours 10 min. 

I 

Unoperated' 

100 grams beef heart + BaSOi 

4 hours 0 min. 

II 

Unoperated' 

100 grams beef heart + BaSOi 

2 hours 30 min. 

III 

Unoperated 

100 grams beef heart + BaS 04 

3 hours 45 min. 

IV 

Unoperated 

100 grams beet heart + BaS 04 

3 hours 45 min. 


tissue contracts and soon completely blocks the passage from gut to 
cannula. 

Evidence has accumulated which indicates that animals thus prepared 
may be considered normal. Clinically they are perfectly well. Food 
is taken greedily, considerable weight is gained and a new coat of hair is 
quickly grown. The dogs are friendly and energetic. They exhibit 
marked alteration in behavior if they become ill. The time of disappear- 
ance of the x-ray shadow from the stomach, after feeding meat mixed with 
barium sulphate, does not differ significantly from that of unoperated dogs 
as shown by data in table 1. 

There is, furthermore, no apparent evidence of disturbed function when 
freshly killed operated and unoperated dogs are compared as to the dis- 
tribution and nature of the gastro-intestinal contents. 

The animals can be used quite frequently for the collection of chyme. 
No depletion of blood electrolyte was observed in the prepared animals 
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even though chyme (100-300 cc.) was collected every other day, the CO 2 - 
combining power of their blood being the same as that of the blood of 
unoperated dogs taken the same time after the feeding of identical meals.^ 

The gastric and duodenal digestion of protein. In order to study digestion 
in situ under as normal conditions as possible, dogs were prepared with the 
re-entrant fistula described above. The term digestion is defined in this 
study as the extent of hydrolysis of ingested foodstuffs, and is determined 
by analysis of the chyme collected. In the experunents recorded the 
fistulae were placed eight inches below the ligament of Treitz. 

Preparation of material for feeding. In some preliminary experiments, 
meats as obtained from the butcher were first coarsely minced and then 
mixed with 300 cc. of water per pound, heated to 60°C. and allowed to 
cool. For fish meals, fresh unminced fillets were cooked for a short time 
in a double boiler to make them more palatable to the dogs. One hundred 
gram samples of each meat or fish so prepared constituted a meal. Al- 
though the weight and bulk of the meal were kept constant, the nitrogen 
and fat content varied considerably. Campbell (3) has shown that differ- 
ent kinds of meat and fish may contain varying proportions of nitrogenous 
extractives and therefore may stimulate the secretion of juices which differ 
in kind and amount, depending on the meat fed. Fat- and extractive-free 
proteins were therefore prepared from each type of meat and fish, and fed 
in quantities containing equal amounts of nitrogen. The effects on protein 
digestion of the separated fatty and nitrogenous extractive constituents 
were also investigated. 

The proteins were separated as follows. The material was desiccated 
at and at 2 to 3 cm. mercury pressure for a period of three days. 

The dried® meat or fish was then extracted with petroleum ether (B.P. 
30-60°) in a large Soxhlet for 100 hours. The material removed bj’- ether, 
when freed from solvent, constituted the “ether soluble fraction.” The 
ether-extracted meat or fish was then extracted with 95 per cent ethyl 
alcohol for a further 65 hours. The material removed b}'- alcohol, when 
freed from solvent, constituted the “alcohol soluble fraction.” The ether 
and alcohol extracted meat or fish, after being freed from solvents by 
prolonged evacuation (17 mm. Hg) at 100°C., was ground in a mill and put 
through a 60-mesh sieve. The final product was designated “protein 
powder.” 

Collection of chyme. "Wlien chyme is to be collected the U-tube connect- 

1 The authors are very much indebted to Dr. Jacob Markowitz of the Department 
of Physiology, University of Toronto, for his unsparing effort and time in working 
out the surgical technique for this operation. They also gratefully acknowledge the 
invaluable suggestions of Prof. B. P. Babkin, and the assistance of Dr. Lionel 
Farber in making the determinations of C02-combining power of the blood. 

- We are indebted to the Connaught Laboratories, University of Toronto, for the 
use of their large vacuum ovens. 
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ing the two fistulae is claniped distal to the side-arm (fig. 1) aud the total 
output of chyme is collected in a flask kept at 20 C. by means of an 
ice-salt mixture. Freezing the chyme in this way has been found to arrest 
promptlj'' further hydrolysis. When collected under these conditions it 
was observed that the consistency of the chyme, discharged directly from 
the U-tube, was at first quite fluid but it became progressively less fluid 
until finally it flowed with difficulty into the collection flask. When, 
however, a standpipe (fig. 1) was connected to the side-arm of the U-tube 



to provide for the exit of chjTOe from the intestine under the hydrostatic 
pressure (about 5 in. of water) which exists in the intestine, it was found 
that the consistency of the chjune throughout an experiment appeared to 
be the same as from a meal not collected, but allowed to pass uninter- 
ruptedlj' through the U-tube. Furthermore, the time taken for the pas- 
sage of the meal was the same. The “time for passage” of a meal is defined 
as the interval between the time the dog begins to eat the food (usually 
ingested in 1—3 niin.) and the time wffien the last of the meal has passed 
the fistula, ll^ffien the passage of the meal is nearly complete, the number 
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and size of the food particles gradually become less and peristaltic activity 
decreases. Then quite suddenly active peristalsis begins again and a few 
cubic centimeters of clear yellow juice and strings of mucus appear. 
Finally all activity suddenly ceases and is not resumed until more than an 
hour has elapsed. This phenomenon always occurs and is very easy to 
observe. The moment when activity ceases is taken to be the end of the 
passage of a meal. 

In order to be sure that these dogs did not exhibit digestive idiosyn- 
crasies, the extent of digestion and time of passage of a standard meal of 
haddock were determined in each dog before the animal was used in other 


TABLE 2 

Comparison of different fresh meats with respect to the extent of their digestion and to 
the “time taken for passage" in the gaslro-intestinal tract 


Haddock, 100 grams (3300] 

mgm. N) 

Beef heart, 100 grams 

(1510 mgm. N) 

Salmon, 100 grams (3460 

mgm. N) 

Lamb, 100 grams (2575 

mgm. N) 

Pork, 100 grams (2250 
mgm. N) 


NUM- 
BER OF 
DOGS 

NUM- 
BER OP 
EX- 
PERI- 
MENTS 

PAT IN 
MEAl. 

AVERAGE TIME FOR 
PASSAGE OP MEAL 

AVERAGE EXTENT OF 
DIGESTION (TRIOHLO- 
ROACETIO ACID NON- 
PRECIPITABDE NITRO- 
GEN IN CHYJIE) • 



Extreme values are given in parentheses 

■ 


per cent 

hours 

per cent 

H 

13 

1 

3 (2|-3i) 

58 (56-58) 

■ 

B 

12 

9t (7^91) 

59 (56-62) 


B 

15 

8 

63 

B 

2 

18 

71 (7h 71) 

62 (62, 63) 

B 

2 

22 

11 (lOf-llJ) 

63 (63, 63) 


* The values for average extent of digestion have not been corrected for the non- 
protein N of the fresh meats. 

t This figure, 9 hours, is the average time for passage in 10 experiments on 4 dogs. 


experiments. No significant variation was observed in any of these 
animals. The extent of digestion of protein was determined by the per- 
centage of total nitrogen not precipitable by 2 per cent trichloracetic acid. 
Nitrogen w^as determined by the macro-Kjeldahl technique. 

Experimental results. Preliminary experiments were carried out 
with meals of different fresh meats and the data in table 2 summarize the 
results. 

The difierences in nitrogen and fat content of the meal have, as will be 
shovTi later, such profound effects on the course and extent of digestion 
that it is impossible to draw any definite conclusions from these data as to 
the relative extent of digestion of the proteins unless the above factors are 
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controlled. Accordingly, fat- and extractive-free proteins were prepared, 
as described above, for further studies of protein digestion. 

The “time for passage” of a meal. The time for passage of a meal (table 2) 
is much longer in most cases than that indicated by x-raj'- studies. The 
time of disappearance of the x-ray shadow from the stomach and small 
intestine, after feeding meat mixed with barium sulphate, is the same for 
both operated and unoperated dogs (table 1) and it was therefore con- 
cluded that these re-entrant fistula animals have normal gastro-intestinal 
function, but it was observed that the time for passage of a meal of 100 
grams of minced beef heart, as determined by direct observation of the 
chyme in the U-tube, was approximately 9 hours, although the barium 
shadow, when barium had been mixed with the meal, disappeared in ap- 
proximately 4 hours. This observation suggested the possibility that the 
emptying time, as determined by x-ray methods, is the emptying time 
with respect to barium sulphate and is not necessarily the emptying time 
for the material with which the barium was originally mixed. This pos- 
sibility was tested quantitatively in the following way. 

Haddock was fed to a dog and the chyme discharged during each hourly 
interval following the meal was collected in separate flasks. About 90 
per cent (85-94) of the final total volume of chyme and amount of nitrogen 
was found to have been collected in four hours. When barium was fed 
with the haddock, and the dog examined under the fluoroscope, the shadow, 
as stated above, disappeared from the small intestine in four hours. This 
indicated that the time for passage of a haddock meal was fairly accurately 
indicated by the time for passage of the barium shadow. In the case of 
beef heart, however, only about 70 per cent (65-75) of the meal was col- 
lected in four hours. A further 4 to 5 hours were necessary before the 
remaining 30 per cent of the meal had been collected. In the case of a 
beef-heart meal, therefore, the time for passage was not accurately repre- 
sented by the time of passage of the barium shadow which had been shown 
to be four hours. It seems evident that the movement of barium in the 
gastro-intestinal tract is not always an accurate indicator of the movement 
of food. 

There are numerous references in the literature to the separation of 
different constituents of a mixed meal in the intestinal tract. Our results 
indicated that barium, at least in sufficient concentration to cast a shadow 
on fluoroscopic examination, had left the small intestine completely at a 
time when only 70 per cent of the nitrogen in the case of beef heart had 
passed through the stomach and duodenum. On the other hand, in ex- 
periments described later in which protein mixed with cellulose was fed, 
it was observ'ed that the cellulose passed along more slowly than the pro- 
tein. These observations suggest that different substances may indeed 
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be treated selectively with respect to the rate at which they are passed 
along the gastro-intestinal tract. 

The digestion of 'protein in the presence of fats from different sources. In 
the experiments summarized in table 2 there were four variable factors: 
the amount and the type of protein and the amount and the type of fat. 
To determine whether protein digestion is affected by the type of fat present 
in the meal the first three of these variables were eliminated bj'" feeding 
100 grams of fresh haddock muscle (which contains only 1 per cent of fat), 
mixed with 22 grams of fat rendered from different types of meat. 

These results (table 3) are in accordance vfith current opinion that the 
addition of fat retards the passage of a meal. They suggest, moreover, 
that the extent of retardation may vary with the nature of the fat. Fur- 
thermore, the figures given show that the digestion of protein was in- 


TABLE 3 

The effect of fat on the digestion of 100 grams (SSOO mgm. N) of 'protein 

{haddock muscle) 


MEAL 

NUMBER 
OF DOGS 

NUMBER 

OF 

EXPERI- 

MENTS 

AVERAGE TIME FOR 
PASSAGE OF MEAL 

AVERAGE EXTENT OF 
DIGESTION (trichlo- 
roacetic ACID NON- 
PRECIPITABLB NITRO- 
GEN OF CHTME) 




Extreme values are given in parentheses 

Haddock 

4 

13 

hours 

3 (2i-31) 

per cent 

58 (56-58) 

Haddock + 22 grams beef 
heart fat 

1 


6| (6F-7) 

68 (67-69) 

Haddock + 22 grams 
pork fat 

2 


9 (8i-9|) 

66 (63-70) 

Haddock 22 grams 

lamb fat 

2 


101 (SMH) 

64 (61-66) 


creased in the presence of fat. Although the retardation of passage of the 
meal in these experiments varied markedly from one fat to another, the 
extent of digestion of the protein varied onb’- slightlj’’. There is, there- 
fore, no necessary parallelism between the extent of digestion and the 
“empt 3 ’ing time.” 

Digestion of protein powders from different meats in the absence of fat. 
The digestion of proteins obtained from different sources at different levels 
of nitrogen intake was also studied. For these experiments protein pow- 
ders, prepared as described above, were used. In calculating values for 
the extent of digestion allowance was made for the non-protein-nitrogen 
present in the powders. The results obtained are shown in table 5. 

It appeared from these figures that fish proteins are digested to a some- 
what greater extent than meat proteins under otherwise similar conditions. 
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Furthermore, this relationship was maintained when the amount of pro- 
tein fed was increased over a wide range. Moreover, an increase in the 
amount of protein in the meal resulted in a decrease in the percentage of 
protein digested although the total amount digested was increased. It 
also appeared that although an increase in the amount of protein increased 
the time for the passage of a meal, this time showed surprisingly little 
variation from one protein to another if all were fed at the same level of 
protein intake. 

Effects of the ether- mid the alcohol-soluble fractions of mutton on the di- 
gestion of mutton protein. Experiments were performed to determine the 

TABLE 4 


Comparison of the extent of digestion and time for passage of protein powders from 
different meats at various levels of intake 







AVERAGE EXTENT OP 




NUMBER 

AVERAGE TIME FOR 

DIGESTION (trichlo- 
roacetic ACID NON- 

MEAIi (protein 

PROTEIN 

NUMBER 

OF 

PASSAGE OF MEAL 

PRECIPITABLE NITRO- 

ponder) 

INTAKE 

OF DOGS 

EXPERI- 

MENTS 


GEN OF CHTSIE) 


1 

1 


Extreme values are given in parentheses 


1 

1 mgm. N 

1 

1 

hours 

per cent of total JV 

Beef muscle 

1600 

1 

3 

2i (lF2f) 

36 (32-41) 


4800 

1 

3 

3f (2F5I) 

28 (21-34) 


9600 

1 

2 

4| (3HI) 

22 (21-23) 

Mutton 

1600 

4 

7 

2| (li-3) 

26 (22-33) 


4950 

1 

2 

3 (2^31) 

20 (18-21) 

Beef heart 

1600 

1 

2 

3^ m, 3J) 

25 (20-30) 

Haddock 

1600 

2 

5 

2| (21-31) 

47 (42-57) 


4830 

1 

2 

3i- (3L 3i) 

38 (35-40) 


9660 

1 

2 

4 (31-4^) 

1 24 (24-25) 

Salmon 

1675 

3 

6 

3 (1^3|) 

44 (41-48) 


5130 

1 

2 

3i (31-4^) 

1 32 (31-34) 


10260 

1 

1 

5! 

i 24 


effect, on the digestion of mutton protein, of adding the ether- and alcohol- 
soluble fractions of mutton to the meal. The results are given in table 5. 

The most significant fact which emerged from these experiments was 
that the extent of digestion, the volume of chyme, and the time for passage 
of a meal were definitely modified by the addition of fat, extractives, or 
both. It is felt that more far-reaching conclusions should not be drawn 
until further work permits definite interpretation of these results. This 
degree of caution is necessary because the figures on per cent recovery 
prove that the chyme collected consists not only of fed protein but in ad- 
dition an unknown and variable amount of nitrogenous material secreted 
into the intestine. This is discussed later. 
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Effect of increased hulk on digestion. It was found that the per cent di- 
gestion became less as the amount of protein nitrogen fed was increased. 
To determine whether the increased bulk of the meal was, in part at least, 
responsible for this, the effect of increasing the bulk of the meal without 
any increase in nitrogen was studied. This was accomplished by feeding 
protein powder intimately mixed with sufficient nitrogen-free cellulose to 
increase the bulk of powder fed six times. 

It was evident that mere increase of bulk did not decrease but increased 
per cent digestion. Especially was this the case with the less digestible 
mutton. As might be expected, there was also increased absorption in 
seven out of ten experiments as indicated by the lower recovery of nitrogen. 
These results are in marked contrast with those of experiments (see table 4) 
in which the bulk of the meal was increased by feeding six times the amount 

TABLE 5 


The effects of ether- and alcohol-soluhle fractions of mutton on the extent of digestion 
and time for passage of mutton protein {1600 mgm. N) in one dog {no. 16) 


PROTEIN 

NATO] 
i ME 

Ether 

soluble 

frac- 

tion 

added 

(faf) 

as OF 
lAIi 

Alcohol 

soluble 

frac- 

tion 

added 

(ex- 

trac- 

tives’) 

NUM- 
BER OF 
EX- 
PERI- 
MENTS 

1 

TIME FOR ' 

PASSAGE OF 1 
MEAZi 

i 

VOLUME OP 
CHYME 
COLLECTED 

extent OF 

DIGESTION 

RECOV- 
ERY OF 
FED 
NITRO- 
GEN 

j Extreme values are given in parentheses 


{jrams 

grams 


hours 

CC, 

per cent 

per cent 

Mutton powder 



2 

If (if-if) 

135 (120-154) 

24 (22-25) 

96 

Mutton powder 

7* 


3 

61 (5f-Si) 

295 (280-310) 

50 (48-52) 

113 

Mutton powder 



3 

If (1F2) 

170 (158-190) 

19 (18-20) 

107 

Mutton powder 

7* 


2 

3f (31, 3|) 

245 (222-275) 

29 (27-31) 

101 


* These quantities are those which were obtained by extraction from the amount 
of fresh mutton containing 1600 mgm. of nitrogen. 


of protein, where, as regards extent of digestion, the reverse result was 
obtained. Obviously the amount of proteolytic enzyme was the limiting 
factor for the extent of digestion in these circumstances. 

pH of intestinal contents in the dog. Within the last few years it has 
been reported (4, 5, 6) that the pH of the chyme rarely rises above 7. The 
results of a few measurements on chyme collected just beyond the distal 
end of the duodenum are given below. All but one of these results fall 
within the range of pH 4.68 to 5.80. 

The use of deuterium in following the course of protein digestion. An 
analysis of the chyme, for reasons already given, may not give a true pic- 
ture of the course of digestion of an ingested protein. More nitrogen than 
has been fed is often recovered in the chyme (see table 5) and Babkin (7) 
and others have showTi that the digestive secretions, in particular the pan- 
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creatic juice, may contain as much, as 10 per cent protein. Accordingly, 
the total amount of nitrogen and the proportion of nitrogen in the protein 

TABLE 6 


The effect of increasing the hulk of a meal (by the addition of non~digestible nitrogen-free 
cellulose) on the extent of digestion and time for -passage of protein powders 
(One volume of protein powder (1600 mgm. N) was mixed with 5 volumes of cellulose.) 


MEAL 

, Doa 
; NT7M- 
i BER 

j 

1 

NUMBER 

OF 

EXPERT- 
1 MENTS 

1 AVERAGE TIME FOR 
j PASSAGE OF MEAL 

i 

1 

AVERAGE EXTENT 
OF DIGESTION 

(trichloroacetic 

ACID NON-PRECIPI- 
TABLE NITROGEN 
OF CHTME) 

■ RECOVERY 

1 OF FED 
NITROGEN 

1 

j Extreme values are given in parentheses 




hours 

per cent of total N 

per cent 

Salmon 

13 

3 

2| (1F3) 

44 (42^5) 

103 

Salmon -p cellulose 

13 

1 

31 ' 

56 

97 

Salmon 

14 

2 

3i (31-31) 

43 (41-45) 

73 

Salmon + cellulose 

14 1 

3 

2s (2-3i) 

63 (60-65) 

25 

Alutton 

16 

2 

If (IMI) 

24 (22-25) 

9 

Mutton + cellulose 

16 

4 

4 (3Mf) 

66 (61-70) 

49 


TABLE 7 

Electrometric measurements of pH of chyme collected from re-entrant fistula dogs 


MEAL 

DOG NUMBER 

pH OP CHYME 

100 grams fresh haddock 

3 

6.80 

100 grams fresh haddock 

1 

5.65 

100 grams fresh haddock 


5.62 

100 grams fresh haddock 

5 ! 

4.68 

100 grams fresh haddock 


5.07 

100 grams fresh haddock 


4.90 

100 grams fresh haddock 

7 

5.42 

100 grams fresh haddock 

8 

5,70 

100 grams fresh haddock 


5.62 

100 grams fresh haddock 


5.15 

100 grams fresh haddock + 22 grams lamb fat 

7 

5.80 

100 grams fresh salmon 

1 

1 ^ 

1 ^ 

5.10 

100 grams fresh lamb 

1 

i t 

4.70 


and non-protein fractions of the chjune are dependent on three separate 
processes, digestion, absorption and secretion. Some idea of the amount 
of protein and non-protein nitrogenous substances present in the mixture 
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of gastric, pancreatic, biliary and duodenal juices secreted by the dog was 
obtained by collecting the secretions following a subcutaneous injection 
into a staiwed 20 kgm. dog of 0.75 mgm. of pilocarpine hydrochloride, 
or 0.5 mgm. of histamine hydrochloride. The nitrogen content of the di- 
gestive juices obtained amounted to from ten to thirty-five per cent of 
the nitrogen contained in protein which, if fed, would produce an equal 
volume of chyme. It is unnecessary to point out that the juice so obtained 
is probably not of the same composition as that secreted when food is fed. 

The difficulty in interpreting results obtained by analysis of the chyme 
makes it necessary to seek a method of distinguishing between fed and 
secreted protein. In order to accomplish this it is necessary to “label” 
the protein fed. The possibility of using deuterium as a label in these 
experiments was investigated. Foster, Rittenberg and Schoenheimer (8), 
Krogh and Ussing (9), and Smith, Trace and Barbour (10) have shown that 
when mice are given heavy water to drink, deuterium is found in their 
tissue proteins. A proportion of this deuterium is incorporated in the 
protein molecule in such positions that its rate of exchange with ordinary 
hydrogen, on treatment with strong acid, is negligible; for Foster, Ritten- 
berg and Schoenheimer (8) have obtained from the proteins of mice, hy- 
drolysed by concentrated hydrochloric acid, ten amino acids containing 
stable deuterium. 

It therefore seemed possible that if deutero-protein, so obtained, was 
fed to a fistulized animal, deuterium analyses of the protein and non-protein 
fractions of the chyme could be used to calculate deutero-protein nitrogen 
in these fractions. An accurate picture of the digestion of this protein 
would thus be obtained even though this digestion had taken place in the 
presence of unknown amounts of secreted nitrogen. It is necessar}'' first 
to determine whether the rate at which deuterium appears in the non- 
protein fraction is a measure of the rate at which the protein molecule 
as a whole is being broken down. Accoi’dingljq in vitro enzymic hydrolyses 
of deutero-protein were carried out to determine whether the appearance 
of deuterium in the non-protein fraction of the digest corresponds in a 
regular and reproducible manner wdth the appearance of nitrogen in the 
same fraction. An in vitro study of peptic hydrolysis of mouse-protein 
containing deuterium showed that deuterium analj’^ses can indeed be used 
to follow the peptic digestion of deutero-protein. Further studies in which 
tryptic hydrolysis is carried out subsequent to peptic action, and of the 
general problem of protein digestion in vivo, have had to be postponed ovdng 
to preoccupation with war research. 

SUMMARY 

1. The operative technique of preparing a dog with the re-entrant fistula 
and the post-operative and subsequent care of the animals are described. 

2. The prepared animals gave no evidence of disturbed function. 
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3. Some of the factors affecting the digestion of protein in vivo were 
investigated, using dogs vdth a re-entrant fistula situated just below the 
junction of the jejunum and duodenum. The effects of the presence or 
absence of fat and of nitrogenous extractives were studied, as well as the 
influence of “bulk.” 

4. Observations are reported which suggest that it is not justifiable to 
interpret “emptying time” (as obtained from x-ray studies) in terms of 
relative- digestibility. 

5. Errors in the determination of “per cent digestion” from an analj'^sis 
of the chyme are discussed and a method which avoids these errors is 
proposed 
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It has been shown (1, 2) that, within certain limits, the larger the area 
of skin exposed to a thermal stimulus, the lower is the intensity of stimulus 
necessary to evoke a sensation. This inverse relation between warmth 
threshold and area of skin exposed, which is a manifestation of spatial 
summation, has its counterpart in vision as established by Granit and 
Harper (3) , and the recent experiments of Hartline (4) . It must be pointed 
out that whereas the previous work on warmth sensation concerned itself 
with thresholds, the reports of Jenkins (5) indicate that the su mm ation of 
super-liminal sensations does not follow the same summation law as does 
threshold sensation. This presents three possible relationships between 
sensation and size of the stimulated area: 1, a large sensation might be 
built up from a niunber of smaller ones by summation of the nerve im- 
pulses from several fibers; 2, the skin might become more sensitive as the 
result of addition of numbers of stimuli below the sensorj'’ threshold, that 
is, the threshold would be lowered; 3, both 1 and 2 might obtain. Possi- 
bilities 1 and 2 are not mutually inclusive, and although Hardy and Oppel 
have established the second, the recent work of Jenkins would deny the 
first. It is the object of this paper to present data which give a further 
analysis of the phenomenon of spatial summation of warmth establishing 
the summation of superliminal stimuli on the same basis as sub-threshold 
stimuli. 

Method. The three methods used in a previous paper of this series (6) 
have been carried over in the present Avork and the reader is referred to 
that paper for a complete description and diagram of the apparatus. 
Briefly, the first method Avas as follows: the light from a 1,000 watt in- 
candescent lamp Avas focussed upon an aperture behind which Avas the 
blackened forehead of the subject. In the light path was a manually 
operated shutter, and a half-sector disc which was rotated by a motor. 
Variable rheostats afforded control of the motor speed (and hence of the 
speed of rotation of the disc). The intensity of the radiation, which was 
measured with a radiometer, could be controlled by a variable rheostat. 
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Thus, the fusion frequency for -warmth sense could be measured by observ- 
ing the speed of the disc at which the sensory pulses fused into a continuous 
sensation. The area of skin exposed could be varied in discrete steps by 
placing shields, in which had been cut circular holes of the desired area, 
in front of the aperture through which the radiation flooded. For con- 
venience, radiation intensities are reported in “units”, one unit being 10~^ 
gram calories per second per square centimeter. 

The fusion frequency for each area at constant intensity of illumination 
was determined for areas ranging from 1.0 to 27.3 sq.cm, of skin on the 
forehead. Typical curves are shown in figure 1, in which the fusion fre- 
quency has been plotted on a linear ordinate against the area on a log- 
arithmic abscissa. The intensity for each test is given beside the curve. 
For a given subiect, the greater the intensity of the radiation the higher 



Fig. 1. Fusion frequency (cycles/sec.) vs. area of skin stimulated (log scale). 

Fig. 2. Reported sensation (S) relative to that from 27.3 sq.cm, taken as standard 
vs. log of area of skin stimulated. Intensity constant at 1,000 and 3,000 units. 

was the level of fusion frequency as is demonstrated in figure 1 for J. H. 
L. G. differed from the other subjects in that he had generally lower levels 
of fusion frequency. The shape of all curves was essentially the same. 

The second method of studying the dependence of sensation upon area 
was as follows : The sector was made to rotate at a constant frequency of 0.5 
cycle per second, so that the heat pulse lasted for two seconds. The radia- 
tion intensity was set and kept constant at 3,060 units. The shutter was 
interposed between lens and aperture so that until it was raised, no radia- 
tion could reach the forehead. The subject then placed his forehead before 
the 27.3 sq.cm, area, and after a warning the shutter was raised and he 
was allowed to feel one full two seconds pulse of radiation. He was told 
to ^11 the resulting sensation 10. The subject was then presented with 
radiation for two seconds through all the other areas (including the 27.3 
cm.2), selected at random, never knowing which area the operator had 
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chosen. A pause of about 45 seconds was allowed between each test. He 
evaluated the intensity of the sensation on the basis of that from the known 
27.3 cm.2 Six subjects were thus three times tested in turn, being at all 
times unaware of their own score. 

The three scores for each area were then totalled for each individual and 
the average total plotted against the logarithm of the area, as shown in 
figure 2. It is apparent that sensation depends upon area in the same way 
for large and small intensities of warmth. 

The third method was that of determining the size of the area which 
gave a sensation just recognizably larger than that of a given area when 
the stimulus was held constant. This was done in the following manner: 
with the disc rotating so that the irradiation lasted two seconds, the sub- 
ject was exposed through an aperture to a stimulus. He was asked to 
compare this sensation with another resulting from exposure to an area 



Fig. 3. Plot of the ratio least distinguishable area difference/ area vs. area. 

Fig. 4. Ordinate gives report of relative sensation; abscissa is expected report 
calculated on basis of equation 5. 


shghtly larger (or smaller) than the first. The second stimulus was given 
about thirty seconds after the first. The area for the second stimulus was 
gradually changed by means of a calibrated iris diaphragm until the second 
sensation was just distinguishably larger (or smaller) than the first. The 
difference between the two areas was noted as A A. As might be expected, 
the same A A had to separate two areas, whether one increased from a 
smaller one or decreased from a larger one. The plot of A A/A as a func- 
tion of the area is shown in figure 3. A A/A is a ratio comparable to the 
Weber ratio, A I/I, and is a measure of the sensory discriminatory ability. 
Of physiological significance is the change in A A/A as the intensity level 
of the sensation is changed bj’- altering the size of the stimulated area. 
It is seen that the ratio A A/A is almost constant, when plotted against A, 
for areas larger than 3 to 5 sq.cm., but rises rapidb"- for the smaller areas. 
That is, for small areas the areal discrimination is relativelj'' poor and 
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changes rapidly with change of area, whereas for the larger areas the per- 
centage discrimination is better and is relatively constant. 

Comment. It is apparent that the plot showing the reported increase 
in sensation as a function of area stimulated (fig. 2) is of the same form as 
that of the fusion frequency-area curve (fig. 1). The relationship in both 
cases is a logarithmic one for large areas with a definite break between 3 
and 5 sq.cm. The similarity of the curves confirms the result of a previous 
paper (6) -^vhich stated that the fusion frequency can be used for a quanti- 
tative estimate of the intensity of the sensory experience of warmth. 

The change in the direction of the curves of figures 1 and 2 occurring at 
about 4 sq.cm, is of interest because the spatial summation suddenly be- 
comes greater for the smaller areas than would be expected from an extra- 
polation of the report for the larger areas. Figure 3, showing the plot of 
A A/ A, confirms the impression that something has occurred at about 

4 sq.cm., for A A/A = 0.10 + 0.03 from 5 cm.^ to 25 cm.^ and between 

5 cm.2 and 1 cm.^ A A/A changes almost fourfold from 0.10 to 0.37, in- 
dicating a great proportionate decrease in the ability of the subject to 
distinguish changes in sensation caused by change in area. The observa- 
tions all support the conclusion that spatial summation for the large areas 
is different from that for the small areas in that the degree of summation 
is greater in the small areas than in the large areas. This difference in 
summation is endent in the threshold values determined by Hardy and 
Oppel (5) who found 60 per cent summation for areas larger than 3,5 cm.^ 
and 75 per cent for the smaller areas. These two types of summation 
suggest two types of convergence of the sensory impulses from fibers sub- 
serving warmth. The smaller areas are probably served by endings whose 
branches converge near the periphery, whereas the larger areas contain 
summating fibers which do not converge until they have reached the cen- 
tral nervous system. It is known from Hartline’s work that the first type 
of convergence is present in the eye, and Hardj^ and Oppel have shoivn 
that spatial summation occurs between the two hands, a convergence of 
the second type. 

Hartline found that a stimulus either above or below threshold ap- 
plied to one ending in the summative group caused an augmentation 
of actirdty in the ganglion cell when stimulated by other endings 
in its receptive field. Such a phenomenon does not occur with -w^armth 
sense in the second type of convergence, as is shown by the following ex- 
periment: The threshold for rvarmth was determined for an area of 13.5 
sq.cm, on one side of the forehead by measuring the energy required to 
evoke a sensation at the end of a 3 second stimulus. The threshold was 
then redetermined for the same area while at the same time an equal area 
on the other side of the midline was constantly irradiated -with a warmth 
stimulus. The results are shown in the table. 
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Normal threshold Thresholds -with accompanying irradiation 

55 =f 10 units 392 units 1200 units 

45 TlO units 90 =FlO units 

The thresholds in the first two columns are the same within the range of 
experimental error. The rise in threshold in the last case may be due to 
masking or to the distracting effect of the strong sense of warmth on the 
opposite side of the forehead. Thus, impulses arriving from one part of 
the summative field do not lower the threshold in another portion of the 
field if the convergence is of the second type. We have not investigated 
the first type of convergence for this effect. It appears, then, that spatial 
summation associated with the second type of convergence is not due to 
the lowering of synaptic resistances by other impulses which arrive at the 
point of convergence from other parts of the summative field. As this 
seems to be the case for the first type, it is apparent that the two types of 
summation are functionally different. The inference to be made from 
these results is that a single fiber together with its branches serves about 
3 to 5 sq.cm, of skin on the forehead, and within this area one encounters 
the first type of summation. Convergence of fiber groups with larger 
areas is the second type of summation. 

As has been noted before, the sensation vs. area curves for the larger 
areas are logarithmic. This fact can be expressed by the equation 

S = k log A (stimulus intensity constant) (1) 

if S denote the intensity of the sensation, A the area, and & be a constant. 
It was previously shown that the dependence of sensory response on the 


stimulus intensity (I) follows a similar law, namely 

S = k' log I (area constant) (2) 

The general equation must therefore be of the form 

S = ¥ log 7 + A: log A (3) 

This equation is exactly of the form as that obtained by Hardy and Oppel 
(2) in their work on warmth thresholds: 

log lo + K log Ao = constant (4) 


where 7„ and Ao represent the particular conditions for threshold sensation. 
In fact, if one assumes that the right hand constant member of (4) contains 
the threshold sensation as a constant, then equations (3) and (4) become 
identical, and it is seen that the law for threshold sensation is obeyed by 
super-liminal sensations as well. It should, therefore, be possible to ex- 
press the intensity of the sensory response evoked bj’’ any combination of 
area and intensity, within the range of validity of (3) and (4) in terms of 
the threshold sensation. 
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The formula which best fits the data of the sensory report vs. intensity 
curve is 

S = So (i + 6 log J/Io) 

and combining this with equation (1) gives (since the areal dependence of 
sensory response is of the same form as the intensity dependence) . 

In order to have this equation yield a curve parallel to the area-sensation 
report the constant c must be 29.2. Therefore, the equation expressing 



Fig. 5. Iso-sensory curves obtained by proper intensity-area combinations. 
Numbers beside curve give sensory units calculated from equation 5. Points on 
the curves were obtained from relative sensation tests. 

the number of units of sensory response becomes, after substituting Hardy 
and Oppel’s value of 778 for the Jo A S'™ 

8 = So(^l + 29.21ogt^j (5) 

and this should be valid for the forehead for areas larger than 3 sq.cm, and 
intensities below 1,000 units. An equation of this type will apply to other 
parts of the body, but the constants will, of course, have different values. 

A test of equation (5) was made. The method was analogous to that 
described above; a combination of I and A was chosen as standard and the 
sensoiy response from other combinations was evaluated in terms of this 
standard. The plot of the report of relative sensation against the sensoiy 
report calculated from equation (5) jdelds a straight line (fig. 4). Thus, 
the increase in sensation estimated from the subjects’ judgments is in 
direct proportion to the increase in sensation calculated by the formula. 
This attests to the essential validity of the equation. If the log. of the 
area be plotted against the log. of the corresponding intensity, the combina- 
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tions being those for constant sensation, then one obtains a family of iso- 
sensory curves all of which are parallel to the curve obtained for thresholds 
by Hardy and Oppel. Such a plot is shown in figure 5 in which the num- 
ber of units of sensation is the parameter. 

SUMMARY 

1. Further evidence of the reliability of the flicker method of studying 
temperature sensation has been outlined. 

2. Two types of spatial summation for warmth have been found. One 
occurs peripherally, probably between branches of a single fiber; the other 
occurs centrally, between different fibers. 

3. The second type of summation is not the result of a lowered synaptic 
resistance. 

4. One fiber and its branches seems to serve about 3 to 5 sq.cm, of the 
forehead. 

5. Areal discrimination of warmth is relatively poor at areas less than 
about 3 sq.cm, and is a rapidly changing function of area. For areas larger 
than 3 sq.cm., the relative discrimination is better and is practically con- 
stant. 

6. A general expression for sensory response in terms of the threshold 
sensation has been obtained for the forehead for areas larger than 3 sq.cm, 
and intensities below 1,000 units. Super-liminal sensations are found to 
obey the same law as the threshold sensation. 
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Of the many types of bodily activity studied by physiological methods 
sustained heavy exercise is of particular importance because circulatory, 
respiratory and metabolic functions become the salient factors in indi- 
vidual performance. Provided the test exercise is simple and standard, 
skill and motivation are minimized and the true organic fitness of the 
individual is more surely assessed. Response to activity may, in the 
terminology of Briggs (5), be classed as: a, an overload in which the in- 
tensity of the activity precludes the attainment of a steadj’- state; b, a 
crest-load in which the upper limits of the steady state are reached; c, 
a normal-load, any intensity of work within the range of capacity to main- 
tain a steady state. The first two sections of this paper describe all three 
types of reaction but principal^ the last two. In the last section experi- 
ments are reported in which all three types of response were elicited. 

I. The effect of work-load and training on exercise heart-rate. The be- 
havior of heart rate during and after exercise and after a training period 
has been extensively studied. The level of heart rate during exercise 
has been shown by Bock and co-workers (3), among others, to be propor- 
tional to work-load. After a period of training, heart rate accelerates less 
for a given task. This has been noted by Steinliaus (17), Dill and Brouha 
(8) and Christensen (7). The present paper serves to give quantitative 
expression to these facts. Original and complete data may be found in 
the author’s Doctoral Dissertation (18). 

Two moderately trained subjects, R. M., age 23, and C. T., age 27, 
participated in 24 experiments each. The work, carried out on a bicycle 
ergometer equipped with an electric brake, was done at a pedalling rate 
of 65 r.p.m. but with resistances which gave work-loads varjdng from 
636 to 1191 kilogram-meters per minute. Individual experiments were 
undertaken by the subject in the post-absorptive state, featured a con- 
stant work-load, and lasted from 45 to 60 minutes. Heart rates (HR) 
were counted approximately every five to six minutes with a stethoscope 
at the chest wall. Each subject was tested approximately three times a 
week over a period of two months. The work-loads were in the upper 
ranges of normal-loads and occasionallj’’ crest-loads, thus in a condition of 
relative steadj^ state. 
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In general, the heart rate curve plotted against time shows an initial 
rise to about double the resting value in five minutes, a slower acceleration 
from 6 to 20 minutes, and a period of relative steady state from 20 to 45 
minutes. Mean values for all experiments are as follows; 


SUBJECT 

1 

WORK-LOAD 

1 

1 RESTING 
[ HEART RATE 

HR AT 20 
MIN. 1 

BR AT 32.5 
MIN. 

HR AT 45 
MIN. 

SLOPE* 

R. M 

Kgm. min. 

941 

■ 63 

! 

147 

n 

■1 

m 

C. T 

900 

62 

144.5 ] 

IB 

IB 

■■ 


* Calculated by the method of least squares. 


This shows that heart rate does not, in the typical case, reach an ab- 
solutely steady state but continues a slow upward drift throughout the 
45 minute work period. This slope is largely independent of work-load 
and diminishes only slightly with training. 

When heart rate (mean value from 20th to 45th min.) is plotted against 
work-load (WL) linear relationships are found for both subjects. The 
statistical values are; 


SUBJECT 

r (br-wl) 

s.E. (r) 

REGREBSION EQUATIONS 

B.E. (EST.) 

R. M 

0.969 

0.013 

HR = 50.38 -kO.106 WL 

4.32 

C. T 

0.955 

0.020 

HR = 79.22 -f0.091 WL 

4.12 

1 


Despite difference in the intercepts, substantial agreement is found be- 
tween the two subjects in the other values. 

Since these experiments were scheduled over a period of two months, 
a training effect was expected. Accordingly, partial regression equations 
were calculated including both work-load and days of training (D.T.). 
The values are;i 

For R. M.; HR = 48.80 + 0.111 WL - 0.222 DT 
For C. T.; HR = 58.68 -k 0.115 WL - 0.730 DT 
This disparity in regression coefficients for days of training is very 
likely due to the fact that R. M. was more physically fit than C. T. at 
the beginning of the series of experiments and hence would not be ex- 
pected to show as great a training decrease. 


^Partial regression formulae (Kendall and Yule, Hth ed., 1937, p. 285); 
b yx-z 


_ byx-byzXbzx b yx == r yx X Sy/Sx 


1 — b xz X b zx 

byz — b yxXbxz 
b yz-x = — ^ = 


b yz = r yz X Sy/Sz 
b zx = r zx X Sz/Sx 
b xz ~ r xz X Sx/Sz 


\ — b zx X xz 
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II. The relationshi'p of circulatory and respiratory functions to work-had. 
The central feature of physiologic response to exercise is an augmentation 
of vital functions to the point where adequate adjustment is made to the 
demands of the activity. If the intensity of the work undertaken is within 
the capacity of the subject to reach an approximately or absolutely steady 
state, circulation and respiration reach and maintain a slightly fluctuating 


TABLE 1 


Mean resting and 


SUBJECT 

WORK LOAD 

HEART 

BATE 

PULSE 

PRESS. 

J. L. 

Rest 

53.8 

35.4 


500 

111.6 

76.4 


600 

132.2 

80.3 


700 

144.9 

93.0 


800 

163.3 

128.3 

V. B. 

Rest 

65.2 

32.2 


500 

124.5 

32.9 


600 

124.7 

58.7 


700 

144.0 

48.8 


800 

152.1 

59.0 

B. H. 

Rest 

52.6 

42.8 


500 

102.8 

68.7 


600 

108.6 

70.8 


700 

119.7 

75.6 


800 

130.9 

90.3 

M. S. 

Rest 

75.0 

32.0 


273 

133.2 

38.0 


400 

147.8 

61.4 


500 

155.7 

63.3 


600 

170.0 

68.5 

M. F. 

Rest 

65.5 

28.3 


300 

136.6 

52.5 


400 

138.2 

48.4 


500 

166.9 

63.3 


600 

189.0 

63.2 


work values 


SYSTOLIC 

PRESS. 

, DIASTOLIC 

1 PRESS. 

TOTAL 

VENT. 

RESP. 

RATE 

105.6 

i 70.2 

5.8 

10.1 

148.6 

72,2 

27.3 

15.7 

158.5 

78.2 

30.4 

15.8 

159.6 

66.6 

34.6 

17.4 

193.7 1 

1 

65.4 

1 

39.3 

18.6 

i 

100.0 

72.6 

6.2 

13.1 

117.1 1 

84.2 

27.5 

18.2 

135.7 

77.0 

32.1 

20.7 

125.5 

76.7 

36.0 

20.7 

140.4 

81.4 

44.3 

23.3 

116.2 

73.6 

10.3 

11.9 

131.5 

62.8 

30.9 

17.5 

133.9 

63.1 

34.6 

20.3 

139.3 

63.7 ' 

38.9 

19.0 

158.0 

67.7 

45.2 

21.7 

94.5 

1 

63.0 

4.0 

10.4 

104.0 

66.0 

15.9 

19.0 

133.2 

71.8 ' 

23.2 

23.0 

134.3 

69.0 

28.7 

25.0 

144.5 

76.0 

31.8 

25.0 

91.0 

62.8 

5.1 

13.0 

115.1 1 

62.6 

1 16.8 

19.0 

112.1 

63.7 

1 14.4 

22.1 

134.2 

70.7 

20.6 

25.8 

136.2 

73.0 

t 17.3 

35.3 


plateau through the duration of the ivork. Within this range of work- 
loads, the steady state value of the various functions varies from indi- 
vidual to indmdual, but for a given subject is proportional to the intensity 
of the work. The general linear character of this relationship has been 
shown by the following workers: Heart rate, Tuttle and Wells (19), 
Christensen (6), and Bock et al. (3); systolic blood pressure, Gillespie' 
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Gibson and Murray (10); minute volume of blood flow, Bock et al. (3), 
and Christensen (6); oxygen consumption, Hill, Long and Lupton (11), 
and Christensen (6); total ventilation, Simonson (15), Bock et al. (3), 
and Hill, Long and Lupton (11). In addition to the results in section I 
of this paper the experiments reported here confirm these findings with 
quantitative data. 

The subjects, ranging from 18 to 25 years of age, were moderately well 
trained students of physical education. One, B. H., was a college runner 
in active training at the time. Each subject undertook a series of work- 
loads, as indicated in table 1, experiments being spaced about a week apart. 
Resting determinations were made with the subject sitting upon the bicycle. 
All work readings were made during an uninternipted experiment of 30 
minutes’ duration or until terminated by exhaustion. The male subjects 
found the work-loads well within their capacities, but both female subjects 
were exhausted and stopped about half-waj’’ through the -last and most 
difficult experiments. 

All experiments were carried out on a bicycle ergometer equipped with 
an electric brake. Work-load (WL) was measured in kilogram-meters per 
minute. Heart rate (HR) was counted with a stethoscope at the chest 
wall. Blood pressure was obtained by use of a special adaptation of the 
usual cuff and manometer system. A crj'^stal mierophone pickup and high- 
gain amplifier were used to detect the Korotkow sounds. The pressure at 
which sounds occurred was taken as the criterion of systolic pressure 
(SP) and the point of muffling of sound the diastolic (DP). Total ven- 
tilation (T’iO was measured by collections of expired air in a 160 liter gasom- 
eter and respiratory rate (RR) by counting the falls per unit time of the 
bell of this instrument. The total number and time of readings were 
standard for all experiments. 

A typical experiment is diagrammed in figure 1. After an adjustment 
period of variable duration the conditions of the steady state are met by 
most variables. All functions except heart rate tend to reach the plateau 
at not later than ten minutes and fluctuate somewhat about a horizontal 
curve. HR, however, as shown in the previous section, has a tendency 
toward a slow upward drift and does not typicall}’’ reach an absolutely 
steads'^ state. 

In table 1 are given the mean values for the circulatory and respiratoiy 
functions at the corresponding work-loads. Data for the three male sub- 
jects were more numerous and the relationships more nearly rectilinear 
justifying the statistical computations shown in table 2. The correlations 
between work-load and heart rate, work-load and systolic pressure, work- 
load and total ventilation are significantly high since the probability of the 
correlations occurring by chance is in each case less than one in 10,000. 
This is also true for diastolic pressure and work-load in subject J. L. but 
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the same correlations in subjects B. H. and V. B. have P values of 0.0053 
and 0.2077 respectively. The corresponding regression equations show 
high variability between subjects both in intercept and slope values. 
Diastolic pressure correlates positively in two cases with work-load, but 
negatively in the instance of subject J. L. This is in contrast to the tend- 
ency of all the other functions to increase with work intensity, although, 



Fig. 1. The steady state. Subject J. L., pedalling rate 70 r.p.m., work-load 600 
kilogram-meters per minute. 

as noted in table 1, the departure of work values from the resting diastolic 
level seldom exceeds 10 mm. Hg. 

The regression lines for pulse pressure (PP) were obtained by algebraic 
difference between the formulas for systolic and diastolic pressures. They 
are, for subject 


J. L.: PP = 00.93 -1-0.1412 WL 
V. B.: PP = 25.80 -1-0.0339 WL 
B. H.: PP = 37.61 -f-0.0589 WL 
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Thus pulse pressure, following the trend of systolic pressure, increases 
linearly with work-load. The low intercept and high slope values for 
subject J. L. indicate a tendency for pulse pressure to rise with work-load 
more rapidly than usual. This maj’^ demonstrate in this subject com- 
paratively low elasticity in the aortic artery and its branches. There was 
nothing inferior, however, in the general physical capacities of J. L. who 
has frequently been used as subject in experiments of this type. 

TABLE 2 


Statistical values: male subjects 


SUBJECT 

COBREIjA.TION I 

r 

8.E. (r) 

N 

REGRESSION EQUATION 

S.E. 

(est.) 

B. H. 

HR-WL 

0.904 

0.0323 

32 

HR = 67.66 -f 0.0776 WL 

4.81 


SP-WL 1 

0.859 

0.0463 

32 

SP = 94.70 -F0.0697 WL 

5.44 


DP-WL 

0.476 

0.1366 

32 ' 

DP = 57.09 -1-0.0108 WL 

2.61 


TV-WL 

0.907 

0.0154 

32 

TV = 10.21 4-0.0414 WL 

2.52 

V. B. 

HR-WL 

0.691 

0.0313 

36 

HR = 97.44 -1-0.0585 WL 

9.14 


SP-WL 

0.611 

0.0622 

36 

SP = 03.24 -f0.0390 WL 

7.50 


DP-WL 

0.215 

0.1590 

36 

DP = 77.44 -fO.OOSl WL 

3.53 

j 

1 

TV-WL 

0.915 

0.0272 

36 

TV = 8.30 4-0.0399 WL 

2.60 

1 

J. L. ! 

HR-WL 

0.941 

0.0184 

39 

HR = 45.47 4-0.1386 WL 

6.83 

1 

SP-WL 

0.904 

1 0.0293 

39 

SP = 90.99 4-0.1130 WL 

7.79 


DP-WL 

0.615 

1 0.0997 

39 

DP = 90.06 -0.0293 WL 

5.01 

1 

TV-WL 

0.843 

1 0.0465 

39 

TV = 9.32 4-0.0365 WL 

3.40 


These experiments were not designed specifically to study differences 
between the sexes but the following tabulation offers basis for such 
contrast; 


SUBJECT 

1 , 

WORK-LOAD 

TVOBK/ 

BODY 

■WEIGHT 

HR 

SP 1 

DP 

TV 

RB 

V. B 

600 


1 

144 

135.7 

77 

32.1 

20.7 

M. F 

500 


167 

134.3 

69 

28.7 

25.8 

M. S ' 

i 

500 

9.26 

155 

134.2 

71 

20.6 

25.5 


The differences between male subject V. B. and the female subjects M. F. 
and M. S. are most marked in the cases of heart rate and respiratory rate 
although the female subjects performed a slightly lesser task. Since 
physically trained subjects generally display lower values in these func- 
tions the differences are probably only quantitative in nature. 

The rapid and shallow breathing of subject M. F. at 600 kgm. per minute 
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was obiDously inadequate to meet the demand for oxj’-gen and the work, 
which terminated at eight minutes, was doubtless sustained by the ac- 
cumulation of a large oxj''gen debt. M. F. was near collapse at the end. 

III. Circulatory, respiratory and metabolic respo7ises to an increasing 
work-load. In the foregoing experiments a constant work-load was main- 
tained throughout and the response to a range of work levels inferred 
from a series of such experiments performed on different days. This 
section reports data from experiments in which a constant pedalling rate 
on a bic 3 ^cle ergometer was maintained but with a periodical!}’' increasing 
resistance until exhaustion resulted. With this arrangement both the 
trend of adjustment to work of increasing intensity maj’’ be demonstrated 
and the physiologic events occurring on the approach to exhaustion maj’- be 
elucidated. 

The subjects participating in the experiments were all phj’^sical education 
students or men with athletic experience with the exception of A. L. who 
was completely untrained. AH experiments were scheduled in the morning 
with subjects in the post-absorptive state. After resting determinations 
ndth subject seated on the bic 3 ’’cle, work was begun at a low level and 
periodical!}- increased to the highest of which the subject was capable be- 
fore succumbing to exhaustion. The pedalling rate was constant at 70 
r.p.m. throughout. The time spent at each level was five minutes for 
series I, two minutes for series II and III, and from 1 to 5 minutes in the ' 
alveolar pCOj experiments. Total working time varied from 9 to 26 
minutes, depending upon the capacity of the subject as well as length of 
step interval. Excellent cooperation was obtained from each subject, and 
while admittedly motivation ma}’- cause variation in the “exhaustion” 
endpoint, adequate evidence was found that in every case the stopping of 
work coincided with objective criteria of ph 3 ’^siologic distress. 

In addition to the methods used for the determination of circulation 
and respiration, explained in the second section of this paper, ox 3 ’'gen 
consumption, carbon dioxide production and the respiratory quotient 
were determined by collection and analysis of expired air. The original 
face mask was replaced b}’- one patterned after the improved model of 
Enghof (9). Alveolar air samples were taken by the Haldane-Priestley 
technique according to the practice of Bock et al. (2). Gas samples were 
analyzed in a Haldane apparatus which routinely gave the following results 
with atmospheric air; ox 5 ^gen, 20.93 vol. per cent ±0.05 (S.D.), and car- 
bon dioxide, 0.04 vol. per cent ±0.01 (S.D.). 

In series I the author endeavored to choose a work schedule such that 
each subject would have a low and an intermediate work-load for 
a "warm-up” and two or more steps at or near his capacity. The hoped for 
sampling of responses at the upper limit was not alwa 3 's adequate because 
of lack of a reliable method for predicting where that level would lie for a 
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given subject. This made for less uniformity in the data than is desirable. 
Accordingly, in the subsequent experiments, series II and III, a two-minute 
step was adopted, each subject working through an orderly progression of 
steps. While the ideal would require that work-load vaiy continuously 
with time, this was not feasible with the available apparatus. The con- 
ditions of the steady state were not met in this type of experiment but the 
orderliness of response in most cases, excepting at the exhaustion level, is 
evidence of a continuing adjustment to the demands of the work. Curves 
for subject A. L., who was a student of verj’- sedentaiy habits, differ mark- 
edly from all other subjects. In the case of subject J. B. work was con- 
tinued for four minutes at the uppermost level with two determinations 
being made during that interval. J. R., the subject of series III, was a 
very strong athlete, in a good state of training, and habitually rode a 
bicycle. The experiments diagrammed in figure 5 show the trend of 
alveolar pC02. Varying step durations were used, e.g., J. L. and C. T. 
five minutes, W. P. (A) one minute, and W. P. (B) two minutes. There 
are insufficient data here to assess the effect of rate of work increase (this 
is to be the subject of further study in this laboratorj’-) but no very marked 
differences are apparent. 

Heart rates in nearly all cases rise linearly with work-load throughout the 
low and intermediate range of work-loads. The position and degree of the 
slope is an individual variable which undoubtedly has much to do with the 
capacity of the subject. In general, although there are exceptions, the 
individuals of greatest capacitj'^ show lower heart rates per unit work. 
Steinhaus (17) has listed this as a characteristic of the trained state. For 
example, subject J. R. attained a maximal work output of 20 kgm-min./kilo 
of body weight with a heart rate of 197, subject A. L. onl}'' 8.6 with a rate 
of 250. Another factor, the “ceiling” of effective heart action, remains 
to be evaluated. Over a wide age range Dill and Brouha (8) have shown 
that this limit is by no means uniform. In our data nearl}’’ half of the 
cases demonstrate no change in the linear increase, forty per cent show an 
upward spurt and the remainder tend toward a plateau. In the absence 
of data on systolic output of the heart it is impossible to say at what heart 
rate cardiac output begins to suffer from inadequate filling time. Rates 
at or in excess of 190 probably are incompatible with effective heart output 
since in all cases where this level has been reached the subject was veiy 
near to exhaustion. 

For series II, in which blood pressure determinations were made, the 
Liljestrand-Zander factor was computed to give an indication of the trend 
of circulation rate. This factor ,2 according to Cliristensen (7), is a useful 
index of the trend of cardiac output. Curves for this value (fig. 2) are 


- L. Z. Factor 


Pulse pressure X 100 

Vf X HR 

Mean arterial pressure 
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approximately linear with work-load in two cases while for the remaining 
two a shght upward concavity is apparent. On the approach to maximal 
levels, however, there is no manifest sign of circulatory failure accompany- 
ing exhaustion. Indeed, when the compilation of blood pressure and heart 
rate data in figure 6 is considered there is little evidence of gross circulator}'- 
failure as a cause of exhaustion of the subject, although it can not be ex- 
cluded that failure of adequate blood supply to certain tissues may play 
an important part in the onset of exhaustion. 

Total ventilation likewise displays a linear increase with work-load 
tending toward acceleration at maximal levels. The rate of increase varies 



Fig. 2.- Step-up experiments; Series L Five subjects working to exhaustion on a 
bicycle ergometer. 

considerably from subject to subject (figs. 2 and 3) but is fairly constant 
for the individual, as shown in figure 4. The ventilation per unit of work 
also varies with the subject. Extremes are again represented by subjects 
A. L. and L. S. (fig. 3). The lower ventilation of the latter subject is 
associated with the consistently high per cent of carbon dioxide and oxygen 
deficit in the expired air. On the approach to exliaustion, total ventilation 
(fig. 6) usually accelerates excessively. Final ventilations range from 40 
liters per minute for subject L. S. to 115 for J. R. 

The rate of oxygen consumption is a highly significant physiological 
variable not only because it represents the physiological cost of the work 
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Fig. 3. Step-up experiments; Series II. Six subjects working to exhaustion on a 
bicycle ergometer. 
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but because it gives evidence of the transport capacity of the circulatory 
and respiratory mechanisms. The position of the oxygen consumption 
curve relative to work-load is a measure of the efficiency of the subject. 
As will be noted later, the uncertainty of obtaining a true R.Q. under the 
conditions of these experiments does not justify the computation of 
Calories consumed and hence the precise calculation of net or gross me- 



Fig. 5. Step-up experiments. Heart rate and alveolar carbon dioxide tension in 
four subjects in bicycle ergometer work increased to the point of inducing exhaustion. 


TVWnOK 

TOTAL 

CASES 

KE*11T PATE 

35 

swrouc WESS3PE 

12 


NO CKAKGS CAIH tOSS 



tJlASTOUC TOCSSDRE 

12 

PULSE PRESStPE 

12 

TOTAL VEfTILATICN 

20 

PESPIRATCBY RATE 

4 


1 


pniCDlT COj 12 

AL7E0UP {COj 9 

OXTGEX C0KS«4?n0N 12 


RESPIRATCBT OP O T I PTr 12 


Fig. 6. Exhaustion trends. Trend of functions on approach to exhaustion levels 
of work. The graphs show per cents of all observations shon-ing gain: no change or 
loss in linear increase with work-load. ’ 


chanical efficienc}’^. Subjects in series I have closely comparable ef- 
ficiencies but more variability is found in series II where again subjects 
A. L. and L. S. represent the extremes of low and high efficiency The 
trend of oxTgen consumption at maximal levels is of great significance 
because of the prevailing view that the ability to absorb oxygen is a limiting 
factor m indmdual physical performance. As summarized in figure 6 
oxygen consumption is by no means always deficient at exhaustion levels 
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In fact, in 50 per cent of the cases no deviation in the linear increase of 
oxygen intake occurs at exhaustion and in the remaining cases this value 
may accelerate more often than fall off. In those cases where the curve 
turns upward at the approach to exhaustion the hypothesis may be ad- 
vanced that the effectiveness with which the muscles are performing the 
work is lowered necessitating the mobilization of additional motor units 
in an effort to sustain the rate of work. This might readily be due to a 
“central” fatigue effect according to the theory of Simonson (16). That is, 
an alteration of the physico-chemical conditions of blood and tissue fluids 
acting upon central nervous centers might disturb the coordination of the 
muscular activity so that more muscle fibers might be required for the task. 

The respiratory quotient obtained in step-up experiments is the re- 
sultant of two effects: a, the proportion of fat, protein and carbohydrate 
catabolized, and h, changes in the carbon dioxide content of the blood. 
A true R.Q., e.g., indicative of the concurrent metabolism, is obtained 
only when the body is in the basal state or the steady state of exercise. 
Several workers, notably Bock et al. (4), have shown that the true R.Q. 
rises with work-load, approaching unity at maximal work levels. This 
trend is evident in the present experiments but the erratic nature of some 
of the curves and quotients in excess of unity are ascribed to washing out 
of blood carbon dioxide reserves in the periodic transitions to higher work 
levels as well as the dyspnea occurring at exhaustion. 

The per cent of carbon dioxide in expired air and the alveolar carbon 
dioxide tension both serve as indicators of blood pH fluctuations. In 
the transition from rest to work these values rise to a variable plateau which 
is maintained throughout most of the work range but on the approach to 
exhaustion show a fall. This latter fact is strikingly demonstrated in 
figure 6. The explanation for several features of exhaustion, namely, 
accelerated ventilation, dropping alveolar pC 02 and per cent carbon dioxide 
'in expired air, doubtless all have a common basis in a rapid accumulation 
of blood lactate. Determinations of alveolar tension, from rapidlj’’ ob- 
tained H-P samples, have more value in predicting the onset of exhaustion 
since the COo in expired air is usually determined from collections of 2 to 5 
minutes’ duration and hence does not follow the change of state as closely. 

Discussion. Schneider (13) carried out experiments on six subjects 
in which a series of five work-loads were attempted, each 6 to 8 minutes 
in duration separated by 20 minute rest periods. He found that the 
subjects maintained linear increases in heart rate, oxygen consumption, 
per cent of CO 2 in expired air, and total ventilation up to a certain load 
after which the first three functions tended to fail to maintain the increase 
while ventilation augmented excessively. The maximum work-loads at 
which these functions could maintain their linearity — ^the crest-load — 
varied both with the specific function and with the individual subject. 
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Schneider’s subjects consumed oxygen at a rate proportional to work- 
load up to the crest-load beyond which one subject, R. J., showed an 
augmented consumption, another, W. C., maintained the linear increase, 
and the four remaining subjects failed to increase their oxygen consumption 
proportionally. The trend of heart rate above the crest-load was likewise 
variable. One subject, R. J., maintained the linear increase, but all others 
failed. The gain in acceleration found in about 40 per cent of our cases 
was not found in Schneider’s experiments. The significance of the peak 
of per cent CO 2 in expired air as the criterion of crest-load, advocated b 3 ’- 
Briggs (5), may be questioned on the basis of Schneider’s and our own 
data. For example, subject W. C. who was Schneider’s fittest subject 
had a crest-load at 6000 ft-lb., judging by the per cent CO 2 in expired air, 
but Avas able to carry 8000 and 10,000 loads adequately. H. M. reached 
the same CO 2 percentage peak at 4000 and 6000 ft-lbs. In om- own data 
the point at which the CO 2 percentage reached its peak is highly variable 
sometimes occurring at low work-loads and often at high levels. The 
general tendencj'^ of the curves (figs. 2, 3, 4) is toward a plateau higher than 
the resting level but maintained throughout the major range of work-loads. 
With the approach to exhaustion levels, however, the curves begin a de- 
cline, dropping in some instances below the resting level. It can be seen 
from figure 6 that this final drop in per cent CO 2 in expired air is second only 
to alveolar pC02 as a reliable index of the approach of exhaustion. If 
this function is followed closely and the subject pushed to his limit the 
same uniformity should be obtained as for pC02. It seems justifiable to 
conclude that this final dip which comes on rapidly with the approach of 
exliaustion is a better criterion of the subject’s capacity for work short of 
exliaustion than the peak of the CO 2 percentage curve. Determinations 
of alveolar carbon dioxide tension (fig. 6) give an even better criterion of 
the breakdown -in adaptation to work. 

Crest-load oxygen consumption. The step-up experiment affords an 
opportunity to measure a type of individual capacity hitherto little ex- 
plored. That oxygen consumption is an index of physiological cost of work 
has been stressed by Hill, Long and Lupton (11), and by Steinhaus (17). 
Furthei-more, the ability to consume oxj^gen at a high rate has been shown 
by Christensen (6) and by Robinson et al. (12) to be an important feature 
of the response of the top-ranking athlete. Such a capacity to maintain 
a high oxygen consumption over a period of time demonstrates a large 
degree of cardio-vascular and respiratory fitness. Indeed, the rate of 
oxygen consumption in sustained w'ork may be taken as a measure of these 
capacities, assuming that at least a relative approach has been made to 
the conditions of the steady state and that therefore the circulo-respiratoi^^ 
functions are in an adequate state of adaptation to the demands of the 
actmty. These requirements are met in the step-up experiment if the 
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step preceding the exhaustion level is taken as the crest-load — as the 
highest level of activity which the subject can maintain without any of the 
extreme divergencies in function which occur at the exhaustion level. 

In figure 7 eleven subjects are ranked according to the work output 
achieved before becoming exhausted. The two principal factors deter- 
mining the capacity are graphed in such a way as to show the relative 
importance of each, and the relationship of the two combined (visualized 
from entire length of each bar) to the work output. The figures for ef- 
ficiency were obtained from oxygen consumption and kilogram-meters 
of work, since the calculation of metabolism in calories was deemed in- 
advisable in the absence of a true steady state. It should be noted that 
with the ratio employed high values represent low efficiency and vice versa. 



Fig. 7. Ranking of subjects on step-up test. C. L. O. C., oxygen consumption at 
the crest-load in cubic centimeters per kilogram; efficiency, oxygen consumption at 
the crest-load per kilogram-meter of work; work-load, rate of work at the crest-load 
in kilogram-meters per kilogram of body weight. 


There is a linear increase in the sum of these two values with work-load 
and in general with each measure separately. There is, however, a tend- 
ency toward individual variability in the relative importance of each. 
For example, L. S. stood second highest largely by virtue of high efficiency 
while J. E,., who had greatest total output, owed his predominance clearly 
to a high capacity to consume oxygen (C.L.O.C.). 


SmmARY AND CONCLUSIONS 

Section I. 1. Heart rates in the steady state of exercise of 45 minutes’ 
duration reach a level depending on the intensity of the work but continue 
to rise slightly throughout the experiment. They do not, in the typical 
case, maintain an absolutely steady state. Equations for this slope are 
given for two subjects in 24 experiments each. 
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2. Significantly high correlations (0.969 rt 0.013 and 0.955 ± 0.020) 
were found between heart rate and work-load for the two subjects. 

3. Partial regression equations express the influence of training in lower- 
ing the heart rate during work in the two subjects. 

Section II. 1. Circulatory and respiratory responses of three male and 
two female subjects were studied in work experiments lasting 30 minutes. 

2. All functions except heart rate tend to reach a plateau at not later 
than ten minutes of exercising time and fluctuate somewhat about a hori- 
zontal curve. Heart rate, as shown above, slowly rises throughout the 
experiment. 

3. Equations are given for the regressions of heart rate, systolic pres- 
sure, diastolic pressure, pulse pressure and total ventilation on work-load 
in the cases of the three male subjects. Curvilinear relations in these 
functions precluded the calculation of these values for the two female 
subjects. 

4. A comparison of the responses of male and female on an equal weight 
basis shows that significant differences occur only in heart rate and respira- 
tory rate which are higher in the latter. 

Section III. 1. The circulatory, respiratory and metabolic responses of 
a group of subjects to a periodically increasing work-load on a bicycle 
ergometer were studied. All experiments were continued uninterruptedly 
until the subject was forced to quit from exhaustion. 

2. Heart rate, total ventilation, oxygen consumption, and respiratory 
quotient increase with work-load in approximately linear fashion. The 
slope of the regression line and the ultimate level reached are individual 
variables. 

3. The behavior of these functions at the approach of exhaustion is 
determined by comparing trends throughout the range of work-loads to 
the trend at the uppermost step at which exhaustion occurs. The exhaus- 
tion trends of metabolic and circulatory fimctions are lacking in uniformity. 
Total ventilation, on the other hand, most often becomes markedly ex- 
cessive. 

4. The alveolar pCOa and per cent CO 2 in expired air both increase in 
the transition from rest to work, remain on a fluctuating plateau through- 
out most of the work range and decline sharply at exhaustion. These 
variables *as well as ventilation most reliably signal the onset of exhaustion 
in an objective fashion. 

5. The roles of efficiency and magnitude of oxygen consumption at the 
crest-load in determining total work capacity have been shown graphically. 

6. The step-up experiment offers promise in the measurement of the 
important physiological factors underljdng individual physical capacity 
for sustained hea^^’■ exercise. 
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“Vascular tone” is a rather indefinite but convenient term applied to 
the state of partial contraction in which blood vessels, especially arteries, 
are usually found. (For general literature, see Cannon, 1937 ; Hej’^mans 
and Brouha, 1937; McDowall, 1938; and Hermann, 1939.) 

Because this more or less contracted condition is markedlj'' influenced 
by the nervous system, many attempts have been made to study it in 
vessels which have been disconnected from nervous control. Among the 
most painstaking observations on the behavior of denervated blood vessels 
were those of Grant (1930, 1935), and Grant and Bland (1932). After 
careful experiments on the normal and the denervated rabbit’s ear, he 
concluded (1935) that the regain of tone after denervation is probably due 
to an increased responsiveness of the denervated vessels to various stimuli, 
including an adrenaline-like substance circulating in the blood stream. 
Grant argued that this substance came from neither the adrenals nor 
the pituitary bodj’- and that it was unlikely to be sympathin. He found 
that its concentration in the blood was increased by nervous or muscular 
activity and reduced by rest. 

Since the return of vascular “tone” after sympathectomy is usuallj'- 
attributed to an “inherent” or “intrinsic” property of the vessel wall, it 
seemed desirable to follow up the stimulating suggestion of Grant. Ac- 
cordingly, two series of experiments were carried out, one on the normal 
and denervated ears of albino rabbits, the other on sympathectomized cats. 

I. Ohservalions on the Rabbit’s Ear. A, Methods. Young albino rab- 
bits of both sexes were used, 23 in all. Most of them weighed between 
1.7 and 2.4 kgm. The ear was denervated by a, removal of the superior 
cervical and stellate ganglia on one side, or b, removal of the superior 
cervical ganglion and cutting of the dorsal auricular and great auricular 
nen^es at the base of the ear on the same side. No definite difference was 
found in the reactions of the vessels or ears deprived of their S3Tnpathetic 

* Fellow of the Commonwealth Fund. 
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supply by either the first or the second operation.^ Method 6 was used 
in the majority of instances, since removal of the stellate ganglion in the 
rabbit is rather difficult. Only one ear was denervated in each animal, 
the other being used as a control. 

The ear vessels were observed as the animal rested quietly, usually on 
an electric warming pad. It was possible to lay the ear gentl}'^ on an or- 
dinary microscope stage and measure changes in caliber of the vessels with 
a micrometer eye-piece and low-power objective. Before a rabbit was 
operated upon its ear was observed on one or more days and mapped to 
show the location of the major arteries. On this map were indicated the 
segments of vessels on which measurements were made. Thus measure- 
ments could be made both before and after denervation on exactly the 
same part of the same artery. 

Occasionally the direct measurements of vessel diameter were supple- 
mented by temperature recordings taken by means of iron-constantan 
thermocouples attached to the ears with adhesive tape and connected to a 
Leeds and Northrup "Micromax” Recorder. Adrenaline and other drugs 
were injected into a leg vein (to avoid manipulation of the ears), usually 
after the animal had been rendered drowsy by intra-peritoneal injection of 
nembutal (29 mgm. per kgm. in most instances) . Blood pressure was taken 
in some animals by use of a celluloid ear capsule and rubber diaphragm 
similar to the apparatus described by Grant and Rothschild (1934). 

B. Results. 1. The effect of body temperature. Grant’s (1935) thermo- 
couple records showed that if a rabbit with one sympathectomized ear is 
gradually chilled the normally innervated ear vessels begin to constrict 
when a certain crucial level of rectal temperature is passed, while the de- 
nervated vessels remain dilated. A similar experience is recorded in 
figure 1. A rabbit, with right ear denervated 6 days previously, was 
placed outside a window in a box on a cold day for one hour. Its rectal 
temperature was then 37.0°C. The animal was thereupon warmed slowly 
on an electric warming pad. As its temperature rose, an artery of the 
normal ear, at first constricted, gradually dilated, as shown by direct 
measurements of its diameter. The denervated artery, however, was 
dilated at the start, and remained so, independent of the change in body 
temperature. Several similar experiments confirmed the conclusion of 
Grant, that there exists in the rabbit a certain threshold level of bod}' 
temperature (about 38.5°C.), above which the normally innervated vessels 

^ Grant (1932) has shown that, in order to denervate the entire ear, not only the 
two nerves mentioned above must be cut but also the auriculotemporal branch of the 
trigeminal nerve and the auricular branch of the vagus. The distal third of the ear, 
however, may be completely denervated by cutting the dorsal and great auricular 
nerves and removing the superior cervical ganglion (see also White, Okelberry and 
Whitelaw, 1936). In the present series observations were made on the distal third 
of the ear. 
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are dilated, below which they are constricted, while the denervated vessels 
remain dilated (at least over a range of several degrees). It follows that, 
when the vascular reactions of the ears are being studied, the rabbit’s 
temperature should be above this critical level, in order to provide a back- 
ground of vessels in the fully dilated state. Otherwise the extent of con- 
striction in response to a given stimulus cannot be gauged. 

2. The pattern of reactivity in normal and denervated vessels. It was 
found (again confirming Grant) that excitement, and particularly struggle, 
induced by simply holding one hind leg for a few seconds, constituted an 




Fig. 1. Eabbit 1. Right ear denervated 6 days previously. Graphic record of 
experiment in which the animal was chilled until its rectal temperature was 37°C., 
then gradually warmed over some 40 min. Rectal temperature is recorded above, 
diameter of comparable vessels of the two ears below. Note that the normally in- 
nervated vessel (solid line), at 6rst constricted, dilated as the body temperature rose, 
while the denervated vessel (dotted line) remained constantly dilated. 

Fig. 2a. Rabbit 2. Temperature records from normal ear (solid line) and dener- 
vated ear (dotted line) shondng the different response of the two ears to the same 
stimulus (struggle) applied during the time indicated by the two arrows. Compare 
with figure 2b. 

2b. Rabbit 2. Temperature records from normal (solid line) and denervated ear 
(dotted line) showing response to single intravenous injection of adrenaline (at point 
marked by arrow). An intraperitoneal injection of nembutal (35 mgm. per kgm.) 
was given about 20 min. before the record was started. Compare with figure 2a. 

effective stimulus to constriction, for both normal and denervated vessels. 
If the quiet, warm animal, vdth both ears fully flushed,® is caused to struggle, 
the normal ear quickly pales; within a few seconds its main arteries become 
much smaller in caliber, only to relax with comparable rapidity. The 

’ Grant (1935) points out that while, in the warm and resting animal, the main 
vessels and their small branches are fully relaxed, the minute vessels (i.e., capil- 
laries), though dilated, are not maximally so. This fact can be demonstrated' by the 
direct application of heat to the ear, with a resulting slight deepening in the "ground 
tone or background color of the ear. No change occurs, however, in the size of the 
wsible vessels. 



46 


PHILIP M. LECOMPTE 


vessels of the denervated ear, on the other hand, exhibit a much more 
gradual constriction, and the return to the complete dilation of the resting 
state may require several minutes. 

This type of observation, which was made repeatedly, is illustrated in 
figure 2a. Here are represented temperature records from a normal and 
a denervated ear in the same rabbit. It will be noted that at first the 
denervated ear was relatively cool, as it always is in the excited or disturbed 
rabbit. After a few minutes of rest on the warming pad the vessels re- 
laxed. Struggle was then instituted by subjecting the animal to restraint, 
and continued for several minutes. The left (normal) ear became rapidl}’’ 
cooler, then began to turn warm again even before the struggle had ended. 
The denervated ear, on the other hand, became cooler more gradually 
and more slowly, and, after the struggle had ceased, required several min- 
utes to regain its original temperature. This response of denervated ves- 
sels to struggle is typical and could be reproduced at vnll in both rabbits 
and cats (see fig. 4a). The temperature changes recorded were, of course, 
paralleled by alterations in the caliber of the vessels as seen directly. (It 
should be pointed out that the temperature recorder, printing once a 
minute, could not follow the state of the vessels at every instant. Also, 
the temperature of the ears cannot change as rapidly as the diameter of the 
vessels. For example, in figure 2a, the vessels of the left or normal ear 
actually constricted almost to invisibility, but relaxed again so rapidly 
that the recorded temperature did not fall below 94.5°F.) 

The vascular reaction represented in figure 2a is to be compared with 
that shown in figure 2b, from the same rabbit. Here an intraperitoneal 
injection of nembutal (35 mgm. per kgm.) was given about 20 minutes 
before the record was started, a necessity because the manipulation attend- 
ing intravenous injections produces enough excitement to cause constric- 
tion of the ear vessels. At the time indicated, when the rabbit was under 
moderately deep narcosis, adrenaline was injected intravenously in a dose 
found previously to produce a maximal effect on the denervated ear and 
only a transitory paling of the ground color of the normal ear. The time 
courses of changes in the two ears are much alike in 2a and 2b. 

3. The return of ‘‘vascular tone." Goltz (1874) noted that the warming 
effect on the dog’s leg of section of the sciatic nerve did not persist ; indeed, 
that the operated leg might even become cooler than its fellow. Dale 
and Richards (1918) recorded similar observations in the cat. They noted 
increased sensitivit 3 ’' of vessels of the denervated limb to adrenaline, acetjd- 
choline and histamine, and suggested that the reactivity of normally in- 
nervated vessels is restricted by the effect of tonic impulses from the nerve 
centers. According to Grant (1935) the tendency to constriction of the 
denervated vessels of the rabbit ear increased for about 5 to 7 days, after 
which no further change occurred. 

In the present investigation constriction of the vessels of the denervated 



RETURN OF VASCULAR TONE' AFTER STilPATHECTOMT 


47 


ear was usually niost marked in animals operated on a week or more pre- 
viously, and least marked during the first two or three days after operation. 
When the reaction was well-developed a difference between the two ears 
was often perceptible immediately after the animal was brought from the 
animal room to the laboratory. Ordinarity, if the animal was kept warm 
and quiet, the constricted vessels would relax within several minutes and 
the two ears would become flushed and indistinguishable one from the 
other. The initial constricted state of the denervated vessels, however, 

:i 4a 41.. 



to various stimuli on successive days after being denervated. Each point on the 
graphs marks the average of observations on several rabbits on the same post-opera- 
tive day. The solid line represents the extent of constriction, while the animal is 
in a resting state, as compared with the diameter of the same vessel before operation, 
i.e., “tone.” The dotted line expresses the extent of constriction (i.e., change in 
diameter) in response to struggle. The dash-line shows the extent of constriction 
in response to a standard dose of adrenaline. 

Fig. 4a. Cat 1. Sympathectomized (see text). Effect of struggle on ear tempera- 
ture 10 days after removal of superior cervical ganglion and section of peripheral 
nerves to right ear. Solid line: innervated ear. Dotted line; denervated ear. 
Struggle began at the time indicated by the first arrow, and the animal was released 
at the second arrow. 

4b. Same c£it as figure 4a. Record obtained 4 days after removal of left superior 
cervical ganglion. Solid line; left ear. Dotted line; right ear. Struggle began at 
first arrow, ceased at second arrow. 

could be used as a crudely quantitative measure of vascular “tone.” This 
became more evident when measurements on a series of rabbits were com- 
bined and plotted (see fig. 3, solid line). Each point in the figure represents 
the average of observations on several rabbits on the same day after opera- 
tion. The ordinates represent the measured difference, in tenths of a 
millimeter, between the diameter of the vessel before operation and the 
diameter of the same part of the same vessel on the post-operative day 
indicated by the abscissae. For instance, if the diameter of an artery was 
0.7 mm. before operation and 0.5 mm. when observed on the third day, 
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the difference (0.2 mm.) was recorded and averaged with other observa- 
tions made on the same post-operative day. 

Similarly it was possible to record, in a roughly quantitative way, the 
responses of the vessels to struggle (of approximately 30 seconds' duration) 
and to a standard dose of adrenaline (0.002 mgm.) given intravenously. 
Struggle was induced only when the animal was in a warm, resting state, 
with the vessels of both ears well dilated. The diameter of the vessel, 
measured at the time of maximal constriction, was subtracted from the 
diameter recorded before the struggle began. An average of several such 
measurements gave a point on the graph. For the adrenaline tests it 
was necessary to quiet the animal with nembutal (given intraperitoneally). 
The diameter of the vessel as then recorded was compared with the diameter 
when maximally constricted by adrenaline. The dose of adrenaline selected 
was one which produced in the normal ear only some paling of the ground 
color, without change in the diameter of the main or visible vessels. It 
should be noted that all observations summarized in figure 3 were made 
on arteries of comparable size, i.e., 0.6 to 0.8 mm. in diameter in the 
dilated state. 

In one rabbit, 28 days after denervation of the right ear, both adrenal 
glands were removed. The animal was kept alive for 5 days with the aid 
of subcutaneous injections of saline solution. The vessels of the denervated 
ear tended to remain in a moderately constricted state, even when the 
animal was warm; this response is typical of animals which are sick or 
recovering from operation. On two occasions, however, relaxation of 
the vessels was secured; struggle then produced the typical response (cf. 
fig. 2a). Also, the increased sensitivity of the denervated vessels to in- 
jected adrenaline was unchanged. 

II. Observations on Sympaihectomized Cats. A. Methods. Cats, usually 
large males, were sympathectomized by a modification of the method of 
Cannon et al. (1929). Usually the operation was done in two stages, in 
order to preclude regeneration as far as possible (see Discussion). The 
first stage consisted in removing the thoracic sympathetic chain on one 
side (cutting its splanchnic nervms) and removing both abdominal chains. 
The second stage, carried out as soon as the animal recovered its appetite 
(usually in about 10 days), involved removal of the remaining thoracic 
chain vdth section of its splanchnic nerves. Thus the sympathetic chain 
on one side was removed in toto at the first stage, while the other was 
removed in two pieces. In this way several animals were made ready 
for study vdthin 2 or 3 weeks after the first stage; one cat was used 10 
days after the first stage of the operation. Several other animals were 
used which had been ej’^mpathectomized for longer periods.^ 

The author is indebted to Dr. Robert Hodes for permitting him to denervate 
the ears of and make observations on cats which had been sympathectomized for 
another purpose. 
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Denervation of an ear was carried out by removing the superior cervical 
ganglion on one side, then making an incision over the parotid gland 
and cutting the following nerves at the base of the ear: great auricular, 
great occipital, auricular branch of the auriculo-temporal, and auricular 
branch of the vagus (the posterior auricular branch of the facial nerve was 
cut along with the auricular branch of the vagus, since it was impossible 
to separate the two). It should be noted that complete vasomotor de- 
nervation of the ear, in either the cat or rabbit, is secured only by cutting 
the peripheral sensory nerves; some of these nerves contain antidromic 
dilator fibers, as shown by electrical stimulation of the distal end of the 
cut great auricular nerve in a chronically sympathectomized ear, where- 
upon the ear immediately becomes flushed and warm. (That these vaso- 
dilators are activated reflexly, however, is not clear; see Dole and Morison, 
1940.) Also, to produce complete sympathetic denervation alone, it is 
necessary to remove the stellate ganglion besides the superior cervical, 
since vasomotor fibers to the ear leave the stellate ganglion by way of its 
vertebral ramus. 

Denervation of one ear was usually done first; then the two stages of 
the sympathectomy were completed, the second as soon as possible after 
the first. The animals were usually ready for observations within 5 or 6 
days after the last stage. The time between the first stage of sympathec- 
tomy and the first record of ear temperature on the totally sympathec- 
tomized animal was as follows: less than 15 days, 4 cats; 16 to 23 days, 
5 cats; 7 weeks, 1 cat; 2 months, 2 cats. 

The reactions of the two ears were studied in the unanesthetized animal 
by direct observation and by recording temperature on the Micromax 
machine. Usually, the animal was allowed to rest quietly on an electric 
warming pad, with thongs placed about its legs; after the record had been 
started, the thongs were suddenly fastened to the cleats of the animal 
board, thus causing the cat to become quickly excited and to struggle. 
After this activity had continued for some minutes, the animal was released. 
As a rule it again rested quietly on the warming pad, and w'as encouraged 
to do so by stroking its back. I\Tien the temperature of the two ears had 
returned to approximately the original levels, the record was stopped. 

Mfiien several such records had been taken on different days, the animal 
was sacrificed in an acute experiment. Anesthesia was, in most cases, 
urethane (about 1.0 gram per kgm. intravenously); in 2 animals, ether 
(by inhalation through a tracheal cannula from a bottle with adjustable 
outlets) was used, and in a few, dial (Ciba, 0./ cc. per kgm. intraperi- 
toneally). A blood-pressure cannula attached to a Hurthle manometer 
was inserted in most cases into a femoral artery; in a few' instances w'here 
the cannula was placed in a carotid artery no interference with the vascular 
reactions of the ears was detected. Drugs were injected into a femoral 
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vein. Stimulation of nerves, to test vascular reflexes,® was carried out by 
means of shielded electrodes attached to a Harvard inductorium with 5 
volts in the primary circuit; the secondary coil was set usually at 6 or 8 cm. 

B. Results. 1. Evidence for a humoral factor. Twelve cats were suc- 
cessfully s3’^mpathectomized and had one ear dener^mted as described above. 
Of these, 10 showed a clear-cut response of the type shown in figure 4a. 
It will be noted that the denervated ear became much cooler than the other 
and that the general shape of the curve is similar to that obtained in rab- 
bits (fig. 2a). The denervated ear, even in the animal without sj'^mpathetic 
innervation, seemed more sensitive than the other to humoral stimuli. The 
different sensitivity of the two ears is explicable in the well-known difference, 
in sensitivity to adrenaline, resulting from pre- and postganglionic denerva- 
tion (Hampel, 1935). This inference is confirmed by the behavior of the 
ear temperature in two sympathectomized cats in which both superior 
cervical ganglia were removed. The temperatures of the two ears followed 
similar courses (cf. fig. 4a and 4b). Similarty, in cat 2, after removal of 
both superior cervical ganglia, the temperatures of the two ears fell and 
rose together, when struggle occurred, to about the same extent as the 
unilaterally sensitized ear. Additional evidence for the gi-eater sensitivity 
to humoral stimuli of the vessels of the denervated ear is given by the 
effect of adrenaline (fig. 5). 

2. Effect of drugs. From the foregoing evidence it seemed probable 
that, even in the totally sympathectomized animal, some humoral agent 
was causing the marked fall in temperature of the denervated ear when 
struggle occurred. Several substances which might have been at work 
were, therefore, injected into the anesthetized animals in the final, acute 
experiments. In figure 5 are illustrated the effects of intravenous injection 
of adrenaline, pitressin and acetylcholine on the blood pressure and ear 
temperatures of a sympathectomized cat with one ear wholly denervated. 
Adrenaline was the only one of the three drugs which mimicked the effect 
of struggle on ear temperature.® Indeed, although adrenaline and pitres- 
sin produced similar elevations of blood pressure (though of different 
duration), their effects on the ears were widely different, that of pitressin 
being actually to warm the non-denervated ear. This distinction was 
confirmed several times in different animals. The indefinite effect of 
acetylcholine on the ear was also obtained repeatedly. The effect of 
histamine (not illustrated) was also negligible on repeated trials and in 
different doses. 

® Some of the observations on vascular reflexes were carried out in association 
with Dr. Robert Hodes. 

® The situation is complicated by the fact that a fall of blood pressure occurs in 
the unanesthetized, sympathectomized cat during struggle. This point is taken up 
in the Discussion. 
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An attempt was made to see if the action of the hj^Dothetical adrenaline- 
like substance could be potentiated bj'- cocaine (cf. Rosenblueth and 
Schlossberg, 1931). Cat 4 was given 5 mgm. of cocaine per kgm. 40 min- 
utes before struggle was started. The denervated ear became several 
degrees colder than it did on other occasions during struggle without 
preliminarj'^ injection of cocaine. 

3. Source of adrenaline-like substance. It seemed likelj'' that a humoral 
substance resembling adrenaline was producing the cooling of the de- 



Time in minutes Time in minutes Time in minutes 

Fig. 5. Cats. Sympathectomized (see text). Simultaneous records of blood pres- 
sure and ear temperature to show the effect of drugs. The adrenaline and pitressin 
were Parke-Davis preparations, the acetylcholine Merck’s, in freshly prepared solu- 
tion. The drugs were injected at the time indicated by the signal marker. The 
solid line represents the innervated ear, the broken line the denervated ear. 

Fig. 6a. Cat 5. First stage of sympathectomj’- 23 days previously. Second stage 
and denervation of ear 10 days before. Struggle took place in the period between 
the two arrows. Solid line: innervated ear. Broken line: denervated ear. 

Cb. Same cat as figure Ga. Three days after bilateral adrenalectomy. Response 
to struggle. Lines represent conditions as in figure 6a. 

nervated ear during struggle. The most obvious source for such a sub- 
stance was the adrenal glands themselves, although the operation of total 
symi^athectomy should hat'e inactivated them. 

With this possibility in mind, the adrenal glands were completely re- 
moved in one of the symi^athcctomized cats, as shovm in the follovdng 
protocol : 

Cal 5. 

3/ 1/40 First stage sympathectomy (left thoracic chain (with left splanchnics) and 
both abdominal chains removed). 

3/13/40 Second stage. Right thoracic chain removed (with right splanchnics), 
right ear denervated by usual method. 
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3/15/40 Animal apathetic. Thermocouple record shows right ear several degrees 
warmer than left. No struggle. 

3/23/40 Thermocouple record during struggle. Temperature of right ear fell more 
than 10°F. (Fig. 6a.) 

3/26/40 Both adrenal glands removed. Abdomen filled with saline solution before 
closing. Intramuscular injection of 1 cc. adrenal cortical extract (Wil- 
son) given and repeated daily thereafter. 

3/29/40 Temperature record during struggle (fig. 6b). Curve similar to that ob- 
tained before. 

4/ 9/40 Sacrificed in acute experiment. Records not significant because of ex- 
tremely low blood pressure. Autopsy showed a single sjmpathetic 
ganglion under the diaphragm on the right side. No accessory adrenal 
tissue discovered. 

Thus it liecame clear that the presence of the adrenal glands was not 
essential for the typical response of the denervated ear to struggle. How- 
ever, the finding at autopsj'' of a single S3'^inpathetic ganglion, apparent!}’’ 
missed at operation, was of considerable interest, for it suggested that 
sympathin, even though in extremely minute amounts, might be the active 
agent. Newton, Zwemer and Cannon (1931) noted that an acceleration 
of the denervated heart, which occurred in an animal presumably quite 
S}Tnpathectomized, disappeared when small remnants of the lower thoracic 
sympathetic chains were removed. Careful autopsies, in the present series, 
revealed no evidence of incomplete sympathectomy in any of the cats other 
than the one just mentioned. It is admittedly difficult, however, to find 
missed ganglia at autopsy, especially when much scar tissue is present. 

The possibility was considered that sympathin might be produced by 
activity of decentralized ganglia, e.g., the celiac or mesenteric (Govaerts, 
1935). In order to test this hypothesis, on 6/13/40 the celiac, superior 
and inferior mesenteric ganglia were removed in cat 6, which had had a 
first stage sympathectomy on 5/17/40, denervation of the left ear on 
5/23/40 and second stage sympathectomy on 5/29/40. Figure 7a shows 
the thermocouple record during struggle on 6/11/40, while figure 7b shows 
the record obtained on 6/17/40, 4 days after removal of the celiac and 
mesenteric ganglia. Again there is no significant difference. 

Cannon and Bacq (1931) showed that the rate of the denervated heart 
is a sensitive indicator of the presence of circulating S3’^mpathin. Satis- 
factor}”^ records of the heart rate were obtained in acute experiments on 5 
of the S3m'ipathectomized cats, after section of both vagi. In 4 of the 5 
the heart rate was constant within 4 beats per minute during stimulation 
of the central end of the depressor nerve or a sensoiy nerve or both. Of 
these 4 animals, 3 showed the t3'^pical temperature effect on the denervated 
ear from struggle, and one did not (see below). 

Considerable interest attaches to the behavior of 2 cats (nos. 7 and 8), 
out of the series of 12, which failed to show the t 3 ’’pical cooling effect of 
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struggle on the denervated ear. One was first used 15 days, the other 21 
days, after the first stage of the sjunpathectomy. As shown in figure 8, 
each exhibited a questionable mild response involving both ears to about 
the same extent. A striking feature of the general beha-\dor of these two 
animals was their tendency to faint on the slightest provocation. This 
tendency of freshly sj'^mpathectomized cats to faint when held vertically 
with the head up or when exercised is well recognized (cf. Hodes, 1940). 
The mechanism of this phenomenon is not clear; it is, however, accom- 
panied by a marked slovdng of the heart rate, and maj'’ be fatal if the 
animal is not at once placed in a head-down or horizontal position. Such 
fainting was observed in many of the cats, but was most marked in the 
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Fig. 7a. Cat 6. Sympathectomized. Record of ear temperatures 24 days after 
first stage of sympathectom}% Lines represent conditions as in figure 6a. 

7b. Cat 0. Response of ear temperatures to struggle 4 days after removal of 
celiac and mesenteric ganglia. Lines represent conditions as in figure 6a. 

Fig. Sa. Cat 7. Sj'mpathectomized. Record of ear temperatures showing absence 
of usual response to struggle. Lines represent conditions as in figure 6a. 

8b. Cat 8. Sympathectomized. Record of ear temperatures showing absence 
of usual effect of struggle. Lines represent conditions as in figure 6a. 


two just mentioned; for instance, cat 7 fainted while being given ether at 
the outset of the acute experiment, and cat 8 fainted while resting fairl}’- 
quietly in an animal box and ha^dng its ears shaved. Furthermore, the 
depressor reflex, elicited bj^ electrical stimulation of the central end of the 
vagus or sciatic nerve, which was quite clear-cut in several of the animals, 
was seen in these two only when stimulation was strong enough to evoke 
extensive muscular movement. 

Discussion. It is apparent, from the experiments described above, 
that the denervated ear is an exceedingly sensitive indicator of some cir- 
culating vasoconstrictor substances. The results give support to the 
thesis of Grant, that the return of “tone” in denervated blood vessels is 
best legal ded as a return of reactivity, i.e., an increasing sensitiveness to 
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and responsiveness to humoral stimuli. This conclusion is supported by 
the following facts: 

a. In both the rabbit and the S3anpathectomized cat, if certain factors 
such as body temperature and activity were controlled, there was no 
evidence of return of a constricted state in the vessels of the denervated 
ear, aside from what was most reasonably interpreted as response to a 
circulating vasoconstrictor substance. 

b. In the rabbit the return of “tone,” i.e., a constricted state of the 
vessels in the resting animal, was shown to develop fari passu with sensi- 
tivity to adrenaline and to whatever vasoconstrictor substance or sub- 
stances appear in the blood during struggle. 

c. In both the rabbit and the cat adrenaline was the only drug, of those 
tested, that fully mimicked the effect of struggle. Pitressin, histamine 
and acetylcholine produced different results. 

d. In an adrenalectomized rabbit, and in an adrenalectomized cat in 
which a single sympathetic ganglion remained, the ear response was the 
same as before removal of the adrenals. 

e. In two of the sympathectomized cats the t3^ical constrictor effect in 
the ear was not obtained. These two animals were both freshly sym- 
pathectomized, both showed a tendency to faint readily, and neither 
showed a definite depressor reflex. The absence of fall of temperature of 
the dener\’-ated ear in these animals appears to rule out a drop of blood 
pressure as the cause of the differential effect. Furthermore, this effect 
appeared in rabbits in which the blood pressure rose during struggle. 

The humoral agent to which the denervated vessels were responding in 
the above experiments is apparently an adrenaline-like substance, but not 
adrenaline itself, certainly not in all cases. One might conclude, with 
Grant, that it is a hitherto unknown vasoconstrictor. Even in the ab- 
sence of conclusive e^ddence, however, it may be sympathin. One must 
then assume that it was present in the sympathectomized cats either as 
a result of incomplete operation or of regeneration. And this assumption 
must be made although several of the cats had a constant heart rate during 
sensory nerve stimulation and although in only one sjrmpathectomized cat 
was any anatomical evidence of incomplete operation or of regeneration 
encountered. 

’ One other possible source of sympathin is suggested by the demonstration that 
vagal cardio-accelerator fibers may be excited by exercise and by cerebral ischemia 
(Hodes, 1940; Kabat, 1940) and that the effects of such excitation are probably 
mediated by sympathin. It may be questioned, however, whether sufficient sympa- 
tlun to cause constriction of the ear vessels could be produced in this way. As will 
be seen below, struggle and cerebral ischemia in the sympathectomized cat, without 
atropine, often produce slowing of the heart, and in the present experiments the 
typical constrictor response of the ear vessels was often seen in association with 
slowing of the heart. 
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If circulating sympathin is the vasoconstrictor agent, the importance of 
complete operation and prompt use of animals in an experiment involving 
sympathectomized animals is obvious, especially since regeneration is said 
to occur as early as 3 weeks after operation (for literature see Haimovici 
and Hodes, 1940). Indeed, the presence of a circulating vasoconstrictor 
substance may account, in some instances, for the discordant results ob- 
tained by those who have studied blood-pressure reflexes in sympathec- 
tomized animals (Freeman and Rosenblueth, 1931; Bacq, Brouha and 
Heymans, 1934; Rosenblueth and Cannon, 1934; Pinkston, Partington 
and Rosenblueth, 1936; Thomas and Brooks, 1937; Bacq, Bremer, Brouha 
and Heymans, 1939; Brown and Maycock, 1940). It is noteworthy that 
most of these investigators report only the time elapsing from the last 
stage of sympathectomy until the animals were used, whereas opportunity 
for regeneration was present, obviously, from the time of the first stage. 

The hypothesis outlined above admittedly cannot be used to explain 
all vascular changes observable in the sympathectomized cat. For in- 
stance, the recovery of blood pressure after the first stage of the operation 
may be assumed to be due in part to increased sensitivity of the denervated 
vessels to circulating vasoconstrictor substances; but continued recovery 
after the second stage, if the operation is complete, may well be due partly 
to increased blood volume (cf. Cannon, 1937), some of the increase having 
probably occurred between the first and second stages. 

Another obscure aspect of the behavior of sympathectomized cats, men- 
tioned above, is fainting, associated with fall in blood pressure, which 
often occurs when such animals struggle (Freeman and Rosenblueth, 1931). 
The slowing of the heart under such conditions has been attributed to 
cerebral ischemia with resultant excitation of the vagal centers (Hodes, 
1940). The cause of the fall of blood pressure, however, remains unclear. 
It has been attributed to activation of dorsal root dilators (Rosenblueth 
and Cannon, 1934) and to vasodilatation due to muscle metabolites (Bacq, 
Brouha and Heymans, 1934). The possibility that acetylcholine liberated 
during struggle (Bender, 1938a, b) is in some way involved, must be con- 
sidered. As noted above, in the present experiments no noteworthy evi- 
dence was found of dilatation of the ear vessels during the fall of 
blood pressure induced bj-- intravenous injection of acetylcholine. 

The experiments recorded above appear to give no support to the concept 
of “myogenic” or “intrinsic” tone, in the sense in which the term is often 
used to imply the e.xistence of a mj^sterious tendency to contraction on the 
part of the smooth muscle of a denerv’^ated artery. The evidence for the 
existence of such a property of the arterial wall is usually drawn from ob- 
servations on denervated vessels in an othervuse intact animal, or from the 
appearance of rhythmic contractions in bits of excised artery kept in warm 
Ringer’s solution. According to the results described above, the de- 
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nervated artery in an otherwise intact animal is 'sensitive to, and often 
responding to, circulating vasoconstrictor substances. If these humoral 
stimuli are eliminated, it is difficult to find convincing evidence of “tone” 
in the denervated vessels. The data on excised segments of artery are 
open to criticism, since it is doubtful whether extraneous physico-chemical 
stimuli can be said to be eliminated when tissue is handled in such a trau- 
matic and unphysiological manner. 

SUMMARY 

Conditions were studied that induced vasoconstriction in the denervated 
ear vessels of rabbits and sympathectomized cats. 

The diameter of denervated vessels (rabbit), unlike those normally in- 
nervated, is not affected by moderate changes of body temperature (fig. !)• 

Struggle induces constriction (cooling) of denervated vessels (rabbit), 
similar to the constriction caused by adrenaline (fig. 2a and b), an effect 
more marked as daj'^s pass after the operation (fig. 3). 

In the sympathectomized cat struggle produces constriction (cooling) 
of the denervated ear (fig. 4a and b). 

Of the three drugs — acetylcholine, pitressin and adrenaline — only the 
last has effects resembling the effects of struggle (fig. 5). 

Removal of the adrenal glands from a sympathectomized cat does not 
exclude vasoconstriction in the denervated ear (fig. 6a and b); nor does 
removal of prevertebral ganglia (fig. 7a and b). 

Absence of the usual auricular vasoconstrictor effects of struggle may 
occur in sympathectomized cats (fig. 8a and b). 

No evidence was obtained for the existence of “myogenic” or “intrinsic’ 
tone ; it can best be explained as a response of the sensitized smooth muscle 
of the blood-vessel wall to circulating vasoconstrictor substances. 

The experimental results are therefore regarded as supporting the thesis 
of Grant (1935) that the return of “tone” in sympathectomized blood 
vessels is due to a return of reactivity, i.e., a heightened responsiveness to 
humoral stimuli. 

• It is concluded that, under the conditions of the experiments, the vaso- 
constrictor substances concerned were adrenaline and sympathin. 

The denervated ear is an exceedingly sensitive indicator of the presence 
of circulating vasoconstrictor substances. The importance of using sym- 
pathectomized animals promptly to avoid confusing regeneration is 
stressed. 

, The author vushes to express his thanks to Dr. W. B. Cannon for bis 
helpful advice and interest in the problem. 
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Work with adrenalectomized ground squirrels (Citellus tridecemlin- 
eatus) indicated that the food intake of these animals dwindles after the 
end of a short post-operative recuperative period. Body weight change is 
dependent upon food intake change. Desire for food can be maintained 
or restored by providing the animals mth 1 per cent sodium chloride solu- 
tion to drink. Survival depends upon the maintenance of food intake. 
Fasted adrenalectomized ground squirrels drinking 1 per cent sodium chlor- 
ide solution do not survive any longer than do fasted adrenalectomized 
ground squirrels drinking water; but blank (sham, mock) adrenalectomized 
animals can survive a fast at least four days longer than the longest endured 
by adrenalectomized ground squirrels. 

This paper is a report of more detailed experiments on albino rats which 
were designed to show: 

1. The effect upon food intake accompanying untreated adrenal in- 
sufficiency. 

2. The effect of sodium chloride treatment upon the food intake of 
adrenal insufficient animals. 

3. The difference between the desire for food of untreated and of sodium 
chloride treated adrenalectomized animals. 

4. The effect of a food deprivation such as that undergone by untreated 
adrenalectomized animals upon blank adrenalectomized animals and upon 
adrenalectomized salt treated animals. 

Methods. Approximately the same number of male and female rats 
were used in each experiment. They were kept in the laboratoiy about the 
same length of time before operation. They received a diet of yellow corn 
ground fine, wheat middlings and casein, with added mineral and vitamin 
supplements. 

The animals were anesthetized by Nembutal injected intraperitoneally 
and usually followed by ether. Operations were performed under moder- 
ately aseptic conditions. In adrenalectomy, both glands were removed at 
one operation by a dorsal approach. Blank adrenalectomy consisted of 
making the incisions and handling or putting stress on the adrenals and 

‘ Supported in part by a grant from the Wisconsin Alumni Research Foundation. 
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usually the kidneys, liver, spleen and pancreas. All animals were allowed 
to recover from the operation for three days before being subjected to fur- 
ther experimentation. The adrenalectomized rats were given 1 per cent 
sodium chloride solution to drink during this period, and all recovered well. 

The animals were kept singly in wire-bottom cages. Food and drinking 
fluid were offered in sponge cups. Fluid consumption was measured daily 
in most cases. Food consumption and weight were recorded in all cases 
either daily or every third day. In cases where sodium chloride solution 
was injected subcutaneously, a sterile solution was employed. 

Results. 1. The drop in food intake of untreated adrenalectomized rats, 
and the effect of sodium chloride treatment upon the food intake of adren- 
alectomized rats. Twenty-four adrenalectomized rats, including castrates 
of both sexes, were allowed free access to water and food after the three day 
recovery period. All died. The average survival after the recovery 
period was 15.1 days (range 6.8-25.5) . The older, heavier animals survived 
the longest. The average of the weight at death in percent of the weight 
at the end of the recovery period was 75.8 (range, 64.5-87.2). Twelve 
adrenalectomized rats, ten weeks old at operation, were allowed free access 
to one per cent sodium chloride solution and food. All survived. Twenty- 
one days after operation the average weight in per cent of the weight at 
operation was 112.1 (range, 102.8-123.2). 

Table 1 gives the weight and food intake changes of typical male and 
female members of each of the above two groups. 

2. The immediate effect on the appetite of adrenalectomized rats of with- 
drawal and subsequent restoration of 1 per cent sodium chloride solution to 
drink. Three adrenalectomized males and four adrenalectomized females 
which had been maintained on 1 per cent sodium chloride solution were 
used. The procedure was to substitute water for 1 per cent sodium chloride 
solution as the drinking fluid, and then to replace the water by 1 per cent 
sodium chloride solution when the animal jippeared to be in danger of suc- 
cumbing to adrenal insufficiency. Three of the animals were so treated on 
three different occasions and one on two different occasions. The tests 
were made 6 to 17 weeks after adrenalectomy. In the 14 cases of substi- 
tution of water for 1 per cent sodium chloride solution, the average w'eight 
of the animals three days after the change, in per cent of their weight at the 
time of the change, was 90.2 (range 86.0-94.3). In 8 of the 14 cases the 
food intake was recorded. The average of the average daily food intake 
for three days after the change, in per cent of the average daily intake for 
three days before the change, was 44.9 (range 33.3-59.3). These changes 
in appetite are only slowly progressive. The first day changes are of about 
the same magnitude as the average first three day changes. Even the most 
extreme normal three day fluctuations in food intake are small in compari- 
son to these figures. Immediate measurements were not made in most 
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cases after replacement of water by one per cent sodium chloride solution, 
but it was simply observed that the animal in each case began immediately 
to drink, drank a large quantit}’- within an hour or two, and thereafter ex- 
hibited a normal appetite. In six cases in which the animal was weighed 
one hour after the replacement of water by 1 per cent sodium chloride solu- 
tion, the average weight gain was 25.3 grams (range 20.5-30.5) most of 

TABLE 1 


Weight change and food intake of adrenalecfomized rats drinking water and of 
adrenalectomized rats drinking 1 per cent NaCl solution 



WEIGHT 

6th 

DAY 

BEFOKE 

OPEBA- 

TION 

WEIGHT 

AT 

OPERA- 

TION 

AVERAGE 

FOOD 

CON- 

SUMED 

DAILY, 

G DATS 
BEFORE 
OPERA- 
TION 


DAYS AFTER OPERATION 

3 

6 

0 

12 

IS 

IS 

21 

6' 33* 

grams 

223 

grams 

246 

grams 

20 1 

i 

j 

WeightJ 

Feed§ 

I 

94.3 

50.0 


82.1 

12.5 

mm 

9 

In 

65.4** 

3.3** 

cf 42t 

255 

279.5 

22 

Weight 

Feed 

102.2 

70.4 

103.1 

90.9 

s 

103.9 

93.2 

107.2 

93.2 

109.8 

95.4 

m 

9 16* 

162.5 

172 

13.5 

Weight 

Feed 

9 

97.4 

77.8 

86.9 

29.6 

81.4 

25.9 

75.6tt 

9.6tt 





17 

Weight 

Feed 

101.8 

61.8 

106.9 

100.0 

■ 


102.1 

85.3 

106.2 

85.3 

111.8 

117.7 


All animals received 1 per cent NaCl solution to drink for the first 3 days following 
adrenalectomy. The comparatively low food intake during this period is an effect of 
the operative procedure. 

Animals were 10 weeks old at operation. 

* Received only water to drink after 3rd day after operation, 
t Received 1 per cent NaCl solution to drink e.xclusively after operation, 
t Weight in per cent of weight at operation. 

§ Average food consumed daily during period indicated, in per cent of average 
food consumed daily 6 days before operation. 

** Died at 20.3 days, 
tt Died at 15 days. 

Avhich was water. Table 2 gives in detail the weight and food intake 
changes accompanying one per cent sodium chloride solution withdrawal 
and subsequent restoration in two cases. 

In three instances animals were given water to supplant 1 per cent 
sodium chloride solution, and during the second three day period following 
the change each received 250 mgm. of sodium chloride daily by subcutane- 
ous injection of a sodium chloride solution containing 100 mgm. of sodium 
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chloride per cubic centimeter of solution. The amount of sodium chloride 
received by these animals is less than one-half the amount taken in bj’’ 
adrenalectomized rats having free access to food and one per cent sodium 
chloride solution. Hence, it was not expected that the food intake 
would be elevated to within the bounds of normal intake range. However, 
all three animals reacted vdth an appreciable rise in food intake. Table 3 
gives the data from two of these animals, the same two from which the data 
of table 2 had previousl}’- been gathered. 

Normal rats treated in these ways with sodium chloride manifest no 
appetite changes. 

TABLE 2 


Weight and food intake changes accompanying replacement of 1 per cent NaCl solution 
by water and subsequent restoration of 1 per eent NaCl solution 



P rt 

Q ^ o > 
c5 a ^ 

S o o 

K b O d 

weight at time of 

REPLACEMENT 

« 

« o 2 

^ B P < 
< 


DATS AFTER REPLACEMENT OF 1 PER CENT NaCl SOLUTION 

BY WATER 

3 

6 

9 


10 

12 

15 

18 

21 



ffroms 

fframs 

grams 











cT 

43 

285 

287.5 

20 

Weight* 

94.3 

87.3 

80.41 


82. 1 

$7.3 

92.2 

96.2 

102.8 






Feedt 

42.5 

17.5 

12.5 

1 per cent 

$5.0 

87.511 

110.0 

112.5 

122,5 

9 

23^ 

205 

20G.5 

14.5 

Weight 

87.9 

87.2 

$3.11 

NaCl sol. 

94.2 

96.2 

100.2 








Feed 

34.5 

44.S 

51.7 


106.9 

110.311 

138.0 




These rats were IG weeks old at beginning of experiment, and had been adrenalectomized G weeks pre- 
viously. 

• Weight in per cent of weight at time of replacement of 1 per cent NaCl solution by water. 

t Average food consumed daily during period indicated, in per cent of average food consumed daily 3 days 
before replacement of 1 per cent NaCl solution by water. 

1 1 per cent NaCl solution restored. In following 1 hour animal drank 20 cc., ate 7.5 per cent. 

§ 1 per cent NaCl solution restored. In following 1 hour animal drank 2S cc., ate 17.2 per cent. 

^ Eighteen weeks after adrenalectomy this animal succumbed to replacement of 1 per cent NaCl solution 
by water in 7 daj-s. 

11 9th-12th day. 

3. A comparison between the desire for food of vntreated and of sodium 
chloride treated adrenalectomized rats. This experiment was performed to 
determine if the difference in food intake of these two t 3 'pes of experimental 
animal is a reflection of a difference in desire for food. 

Four groups of rats were used. Group a was composed of eight fasted 
blank adrenalectomized rats drinking water; group b, of eight fasted 
adrenalectomized rats drinking water; group c, of seven fasted adrenalec- 
tomized rats drinking one per cent sodium chloride solution; and group d, 
of six fasted adrenalectomized rats drinking water and recehdng 200 mgm, 
of sodium chloride per day by two subcutaneous injections of a solution 
containing 100 mgm. of sodium chloride per cubic centimeter of solution. 
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In table 4 sodium chloride intake, weight change and survival are shown 
for one male and one female from each group. The average survival of 
males and females of each group is also given. Within the male and female 
subdivisions of each group the weight changes are quite consistent, but the 
survival times are variable. 

The appetite of an animal was tested by placing 2 grams of food before 
it. The time in which the animal consumed the food was taken as a meas- 
ure of appetite although w^hen an animal was obviously quite weak its 
interest in the food and its persistence in attempting to eat were taken into 
consideration. Animals of group a were so tested every third day following 
removal of food; animals of the other groups on the sixth day after removal 
of food and every third day thereafter. Animals of group a exhibited good 

TABLE 3 


Weight and food intake changes accompanying replacement of 1 per cent NaCl solution 
by water, followed in 3 days by NaCl administered subcutaneously 




DATS AFTER REPLACEMENT OF 1 PEE CENT 



NaCl SOLUTION BT WATER 



3 

6* 

cf 43 

Weight! 

93.3 

95.3 


Feedt 

33.3 

66.7 

9 23 

Weight 

89.2 

93.7 


Feed 

40.7 

62.9 


These rats had been adrenalectomized 12.5 weeks previous to beginning of ex- 
periment. 

* 250 mgm. of NaCl subcutaneously daily from 3rd to 6th day. 

t Weight in per cent of weight at time of replacement of 1 per cent NaCl solution 
by water. 

t Average food consumed daily during period indicated, in per cent of average food 
consumed daily 3 days before replacement of 1 per cent NaCl solution by water. 

appetites. Animals of groups c and d displayed good appetites but were 
generally weaker than animals of group a and did not as a rule eat as 
rapidly. Animals of group b exhibited poor appetites. They lacked 
initial and protracted interest in the food, and if they did finish required a 
much longer time to do so than did animals of groups c and d. This appe- 
tite difference between untreated and sodium chloride treated adrenalec- 
tomized animals occurred in the face of equal susceptibility to fasting. 

4. The effect of food deprivation upon blank adrenalectomized rats and upon 
sodium chloride treated adrenalectomized rats. It w^as desired to know to 
w'hat extent the self-imposed fast of untreated adrenalectomized animals 
would affect the general condition of intact animals and of sodium chloride 
treated adrenalectomized animals; and if sodium chloride, in the absence 
of normal food intake, would alleviate adrenal insufficiency. 
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One animal of each of two pairs of male and two pairs of female litter- 
mates was adrenalectomized and after the recovery period had free access 

TABLE 4 


Weight change and survival of fasted blank adrenalectomized rats, and of fasted untreated 
and NaCl treated adrenalectomized rats 


onoup 

— — 


AGE AT 
OPERA- 
TION 

WEIGHT 

AT 

OPERA- 

TION 

WEIGHT 
IN PER 
CENT OF 
WEIGHT 
AT 

OPERA- 

TION, 

3 DAYS 
AFTER 
OPERA- 
TION. 
FOOD RE- 
MOVED 


DATS AFTER REMOVAL OF FOOD 

SURVIVAL OF 
GROUPS IN 
DATS AFTER 
START OF FAST. 
AVERAGE AND 
RANGE 

3 

8 

9 

12 




weeks 

grams 








a 

c? 

21 

24.5 


97.0 

NaCl* 

0 

0 

0 

0 

>15.0 







Weight! 

87.4 

80.1 

73.3 

66.5 

(all) 

b 

cf 

14 

19.5 

356 

97.7 

NaCl 

0 

0 

0 


11.5 







Weight 

88.1 

80.9 

76.1! 


(9.0-17.5) 

c 

cf 

8 

19.0 

373 

96.6 

NaCl 

217 


mm 

30 

11.0 







Weight 

88.5 

B 


70. 2§ 

(9.5-13.0) 

d 




364 

96.7 

NaCl 

233 

200 

200 

200 

11.0 







Weight 

89.4 

81.5 

75.3 

74.611 

(9.5-12.5) 

a 

$ 

14 

23.0 

206 

96.1 

NaCl 

0 

0 

0 


8.5 







Weight 

84.0 

74.5 

61.1! 


(7.5-10.0) 

b 

9 



223 

97.3 

NaCl 

0 


0 


8.5 







Weight 

85.7 

79.7 

74.211 


(5. 5-9. 5) 

c 

9 

B 


218 

99.1 

NaCl 

140 

107 

90 

no 

10.5 


■ 

■ 




Weight 

87.7 

82.4 

79.8 

77.5§ 

(6.5-14.5) 

d 

9 

10 

25.5 

240 

98.1 

NaCl 


200 

177 


8.5 







Weight 


82.8 

73.7! 


(8 and 9) 


* Average daily intake of NaCl in milligrams during period indicated, 
t Weight in per cent of weight at time of food removal. 

Group a, blank adrenalectomized on water; group b, adrenalectomized on water; 
group c, adrenalectomized on 1 per cent NaCl sol; group d, adrenalectomized on 
subcutaneous injection of NaCl. 
t Lived 9 days. 

§ Lived 10 days. 

^ Lived 9.5 days. 

II Lived S.5 days. 

to food and water. The other animal of each pair was blank adrenalec- 
tomized one day later and after the recovery period received water to drink 
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and the amount of food daily consumed by its adrenalectomized littermate. 
At operation the animals were 10 weeks old, and the members of each pair 
had very nearly the same weight and food intake. The blank adrenalec- 
tomized animals lost weight ver 3 ’- slightly faster than the adrenalectomized 
animals, but out-lived them. 

Five adult male rats (group 1) were adrenalectomized and were allowed 
0.1 per cent sodium chloride solution or water to drink and food ad lib. 
after the recovery period. Four adult male rats (group 2) were adrenalec- 
tomized one day later and after the recovery period received one per cent 
sodium chloride solution to drink and each was allotted daily the average 
amount of food eaten by the surviving animals of group 1. Food intake 
of animals of group 1 fell at the beginning of the experiment and dropped 
sharply to very low levels from two to five days prior to death. Three 
deaths in this group occurred at intervals to the end of the 19th day, at 
which time the remaining tw'O animals did not yet displaj'- the extremely low 
food intake which always precedes death. These circumstances, coupled 
with the fact that the animals of group 2 alwaj’-s ate immediately the food 
allotted them, was interpreted to mean that animals of group 2 would not 
be subjected to the very low food intake leading to death till the two re- 
maining rats of group 1 approached death. Hence, beginning the 20th day 
the rats of group 2 were allotted a limited volume of 2 per cent sodium 
chloride solution and small quantities of food such as taken by untreated 
adrenalectomized rats when their food intake has dropped to the level of 
extreme privation two to five days before death. During this period the 
animals ingested 200 mgm. of sodium chloride daily. Thej’’ died in from 
two to five days after the start of the period. The sodium chloride which 
they had received from the time of operation to death had sustained their 
appetite, but had left them just as susceptible to inanition as are untreated 
animals. 

One animal of each of three groups of males and three groups of females 
was adrenalectomized and after the recovery period was allowed food and 
water ad lib. A second animal of each group was adrenalectomized and 
after the operation received 1 per cent sodium chloride solution and the 
same amount of food dail}’' in proportion to its previous intake as that con- 
sumed by the first animal. The third animal of each group was blank 
adrenalectomized and after the operation received water and the same 
amount of food daily in proportion to its previous intake as that consumed 
by the first animal. All the animals were 10 weeks old at the time of opera- 
tion. Table 5 contains a summary of the pertinent data of this experiment. 
It will be noticed that two out of the six normal animals and three out of the 
five salt treated adrenalectomized animals succumbed to the low food intake 
sooner than did their untreated adrenalectomized partners. 

With a few exceptions occurring soon after operation, all the adrenalec- 
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TABLE 5 

Survival and final weight change of adrenalectomized rats drinking water, adrenalecto- 
mized rats drinking 1 per cent NaCl solution, and blank adrenalectomized rats 
drinking water; with members of each group on comparable food intakes 


adrenalec- 

TOMIZED. 

WATER 


ADRENALEC- 

TOMIZED. 

1 PER CENT 

NaCl 


BLANK 

ADRENALEC- 

TOMIZED. 

WATER 


Females. Group 1 


Weight after 12 days in per cent of weight at 

operation 

Survival in daj's 

Weight at above time in per cent of weight at 

operation 75.6 


Females. Group 2 


Weight after 6 days in per cent of weight at 

operation 82.9 

Survival in days 10.7 

Weight at above time in per cent of weight at 

operation 70.5 


Females. Group 3 


Weight after 12 days in per cent of weight at 

operation 89. 

Survival in days 14. 

Weight at above time in per cent of weight at 
operation 84.0 


Males. Group 1 





84.5 

>14.0 



Slales, Group 2 


Survival in days 

Weight at above time in per cent of weight at 
operation 


Males. Group 3 


Survival in days 15.3 

Weight at above time in per cent of weight at 
operation 7 g .7 


17.3 

>17.3 

>17.3 

73.4 

83.3 

74.7 



>15.3 

74.0 
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tomized rats drinking one per cent sodiurh chloride solution and receiving 
daily food allotments finished very quickly the food which untreated 
adrenalectomized rats had required 24 hours to eat. 

Discussion. Data reported here show that the progressive decline and 
the daily fluctuations of body weight which occur in sodium chloride 
treated and in untreated adrenalectomized rats on subnormal intake levels 
are normal responses to the amount of food consumed. 

Untreated adrenalectomized animals have a low fluid intake, but this is 
a normal concomitant of their low food intake. Comparably starved 
normal animals reduce their fluid intake to the same extent. Though un- 
treated adrenalectomized animals have a low fluid intake due to their low 
food intake, adrenalectomized animals receiving the same amount of 
food but with one per cent sodium chloride solution to drink have a some- 
what higher fluid intake. In experiment 3, the fluid intake of animals of 
group d was much higher than that of animals of group b ; and in the case 
of the males slightly lower, in the case of the females slightly higher than in 
animals of group c. 

It is clear that untreated adrenalectomized rats are subjected to a self- 
imposed starvation, occasionally of a degree severe enough to be quickly 
fatal even to normal rats. As regards survival, sodium chloride treatment 
does not help fasted adrenalectomized rats, or even adrenalectomized rats 
receiving food in the amount eaten by untreated adrenalectomized animals. 
That sodium chloride favorably affects the appetite of the adrenalectomized 
rat is adequately shown by the foregoing set of experiments. Certainly, a 
large part of the ability of sodium chloride to maintain life in the adre- 
nalectomized rat resides in its action in sustaining the appetite of the animal 
so that its food intake is normal. 

Treatment of adrenalectomized rats drinking water with ascorbic acid, 
thiamin chloride hydrochloride, or adrenaline does not prevent the loss 
of appetite. 

Selye (1936) has shown that untreated adrenalectomized rats are very 
susceptible to drugs (morphine, atropine, adrenaline). Adrenalectomized 
rats allowed 0.9 per cent sodium chloride solution to drink and food ad lib. 
showed almost complete restoration of resistance. Adrenalectomized rats 
allowed 0.9 per cent sodium chloride solution to drink and no food w’ere just 
as susceptible to drugs as were untreated animals. These experiments 
were performed two days after adrenalectomy. Selye also mentioned that 
Dr. J. S. L. Browne, in a personal communication, wrote that in cases of 
Addison’s disease salt treatment was efficient only if the patient took 
sufficient nourishment. 

The effects of adrenalectomy upon fluid and electro^de distribution and 
upon carbohydrate and related protein metabolism are generally looked 
upon as being of prime importance among the symptoms of adrenal in- 
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sufficiency. The work of Swingle et al. (1937a, 1937b), Silvette (1934), 
Silvette and Britton (1935, 1936), and Hartman et al. (1940a, 1940b) 
strongly indicates that serum sodium and chloride ion levels and loss of 
these two ions through the urine are of little real significance in adrenal in- 
sufficiency. It follows from a study of the work referred to that the loss of 
appetite following adrenalectomy cannot be ascribed to the lowered serum 
sodium and chloride ion concentrations, and that the effect of sodium 
chloride upon the appetite would not seem to be mediated simply through 
the elevation of these two ions in the extracellular fluid. Long et al. 
(1940) showed that adrenalectomized mice and rats treated vdth sodium 
salts and allowed to eat have normal liver glycogen content, though the 
blood glucose level of the rats is slightly below normal. Liver glycogen 
and blood glucose drop considerably in normal animals fasted 24 and 48 
hours, but the fall is still greater in adrenalectomized animals even though 
they have been treated with sodium salts. Adrenalectomized fasted rats, 
though salt treated, occasional^ develop hypoglycemic convulsions after 
a 48 hour fast. Following glucose administration, the rats untreated with 
salt get transitory relief but death soon follows. The salt treated rats are 
likewise relieved by glucose administration, but they then eat and remain 
well (Long). Thus, the anorexia after adrenalectomy does not seem to 
result from the lowered liver glycogen and blood glucose, and sodium 
chloride treatment does not maintain appetite through a restorative effect 
on the disturbed carbohydrate metabolism. 

The question of the causes of the loss of appetite is no more important 
than the question of the effects of the loss. In cases of chronic adrenal in- 
sufficiency the possibility of complication by multiple nutritional deficien- 
cies is readily apparent in view of the quantitative study reported here. 
Much less obvious, but yet of paramount significance, is the possibility of 
nutritional deficiency involvements occurring in animals very rapidly after 
withdrawal of cortical secretion and food. An adrenocortical insufficient 
animal, untreated, is victim of two primary deficiencies, lack of cortical 
secretion and lack of nutriment. It is not at all logical to deduce the symp- 
toms which would result from lack of cortical secretion alone by simply sub- 
tracting from the total the symptoms displayed by the intact nutriment 
deficient animal. Except for an exdremely short time after vdthdrawal of 
cortical secretion, the symptoms of the animal should be considered as a 
reflection of a single physiological state resulting from a blending of the two 
deficiencies. Of course, it is possible to determine what symptoms accrue 
from superimposing cortical secretion deficiency upon nutriment deficiency, 
but this does not necessarily provide a clue to the normal function of the 
secretion. To determine the normal function unequivocally requires a 
secretion deficient animal with a normal food intake. On the other hand 
it is perfectly plausible to identify certain aspects of cortical-nutriment de- 
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ficiency as being predominantly referable to the nutriment deficiency, since 
a nutriment deficiency in the presence of a cortical sufficiency is a produci- 
ble condition. The demonstration of qualitative differences in the physio- 
logical action of certain compounds obtained from the adrenal cortex 
(Wells and Kendall, 1940, and Ingle, 1940) in no way vitiates these con- 
siderations. 


SUMMARY 

1. Untreated adrenalectomized rats eat very little food. Treatment 
with sodium chloride maintains food intake within the noimal range. 

2. Treatment of adrenal insufficient rats with sodium chloride results in 
a suddenly renewed interest in food. 

3. Fasted untreated adrenalectomized rats show little desire for food, 
in contrast to the behavior of fasted sodium chloride treated adrenalecto- 
mized rats. 

4. Salt treated adrenalectomized rats and even blank adrenalectomized 
rats may succumb sooner than untreated adrenalectomized rats when sub- 
jected to the fast which the latter undergo voluntarity. 
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The physiological importance of pantothenic acid for microorganisms and 
Vertebrata, together AUth its universal distribution in animal tissues has 
been adequately revieAved b}'^ Williams (1941). Evidence has been pre- 
sented (Spies et ah, 1940; Stanbery et ah, 1940) on the basis of blood and 
urine studies indicating that restricted human diets leading to a pellagrous 
condition may be deficient in pantothenic acid. 

The pantothenic acid content of whole blood, plasma and cells of various 
mammalian species has been studied by Pearson (1941). Pelczar and 
Porter (1941) have studied the pantothenic acid content of human blood 
and urine. Their figures for human blood which range from 3.0 to 9.9 
/:igm. per cent are much lower than the average value of 22.5 pgm. per cent 
reported by Stanbery et ah (1940) and 19.4 pgm. per cent reported by Pear- 
son (1941). Presumablj’- this difference is due to the microorganisms em- 
ployed in the assay. Pelczar and Porter used Proteus morganii while 
Stanbery et ah and Pearson used Lacto bacillus casei e based on the method 
of Pennington et ah (1940). Since the latter organism has been used ex- 
tensively in the assay for riboflaAdn in biological materials including blood 
and urine and its adequacy as a te.st organism for pantothenic acid Avell 
established, comparisons cannot be satisfactorily made between results 
obtained with this and other organisms when the results differ so markedly. 
The results of the studies on the pantothenic acid content of blood using, 
Proteus morganii as the test organism does, however, suggest, as pointed 
out by the authors, that pantothenic acid may exist in the blood in free and 
conjugated forms and that the latter may be incomplete^'- available to this 
organism. 

It has preAuously been reported (Pearson, 1941) that pantothenic acid 
occui-s in approximately equal concentration per 100 ml. of plasma and cells. 
There is a species variation. In the dog and pig the plasma contains more 
pantothenic acid per 100 ml. than the cells, while in the horse, human, 
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rabbit and sheep the concentration is greater in the cells. The present in- 
vestigation deals with the effect of massive doses of Ca-pantothenate on 
the amount in the blood, distribution between plasma and cells, and the 
rate of excretion in the urine. 

Experimental. Pantothenic add in whole blood, plasma and cells. 
Normal rabbits weighing between 1.6 and 2.0 kgm. were used for these 
studies. The standard stock diet which they had received since weaning 
was continued during the experimental period. Massive doses of Ca- 
pantothenate were administered either orally or by parenteral injection 
just underneath the skin. Blood for assay purposes was obtained directly 
from the heart. Pantothenic acid was determined by the method de- 
scribed by Stanbery et al. (1940) and the plasma and cells were treated as 
described by Pearson (1940). Approximately two weeks prior to the ad- 
ministration of the test dose a blood sample was taken for the determination 
of normal pantothenic acid values. The intervening period of about two 
weeks was allowed for the animals to recover from the loss of blood which 
amounted to approximately 15 ml. 

Dextrorotatory calcium pantothenate, hereafter referred to as Ca- 
pantothenate, was used in all of the experiments reported in this paper. The 
term pantothenic acid in blood and urine as used in this paper refers to the 
values obtained \vith Ca-pantothenate used as the standard. 

The data on the effect of the administration of large doses of Ca-panto- 
thenate on the amount in whole blood, plasma and cells, and the ratio of 
the amount in the plasma to that in the cells are summarized in table 1. 
Ca-pantothenate administered either orally or parenterally is rapidly ab- 
sorbed into the blood stream. Sixty minutes after the injection of 600 
mgm. of Ca-pantothenate into rabbit 1, the level in the blood increased to 
6400 Mgm. per cent, which is equivalent to a 114-fold increase above the 
normal value. The amount in the blood of rabbit 2 showed an even greater 
increase when the blood was dra^vn 75 minutes after injection of the test 
dose. When only 400 mgm. of Ca-pantothenate was injected into rabbit 
6 the level in the blood 90 minutes later was 4320 ngro.. per cent. It is 
possible that this might have been after the amount in the blood had begun 
to decline and, as is pointed out later in the paper, pantothenic acid is readil}’’ 
eliminated from the bod 5 ^ IVhen Ca-pantothenate wasi administered 
orally the increment in the level in the blood was much less than when in- 
jected. Ninety minutes after the ingestion of 500 mgm. by rabbit 3 the 
blood contained 487 Mgm. per cent of pantothenic acid which is approxi- 
mately a 10-fold increase over the normal level. 

There is a relatively greater increase in the amount of pantothenic acid in 
the plasma than in the cells followdng the administration of a large dose. 
This fact is e\’inced from the last column of table 1 which gives the ratio of 
microgram per cent plasma pantothenic acid to microgram per cent cell 
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pantothenic acid. In the normal animal this ratio fluctuates around one, 
while in the injected animals the amount of pantothenic acid in the plasma 
is 4.9 to 12 times the level in the cells. Rabbit 2 which shows the greatest 
increase in blood pantothenic acid likewise had the widest plasma/cell 
pantothenic acid ratio. This relationship is not unexpected as it is natural 
that constituents wRich are rapidl 3 ’- eliminated from the bod 3 ^ b 3 ' the kidney- 
should occur principally in the plasma. In a general wa 3 ' the higher 
pantothenic acid values in the blood following the administration of the 
test dose tend to be accompanied by a wider plasma/cell pantothenic acid 
ratio. 

TABLE 1 


The effect of the administration of 7nassive doses of Ca-pantothenate on the amount in 

whole blood, plasma and cells 



Ca-PANTOTHENATE ADMINISTERED 

P.ANTOTHENIC ACID PER 100 ML. 

plasma p. 

NO. 

WTiole 

blood 

Plasma 

Cells 

CELL P. ACID 



fimg. 

/ipm. 

ugm. 1 


1 

None 

56 

47 

58 

0.81 


60 minutes after injection of 500 
mgm. 

6400 

9300 

1800 

5.17 

2 

None 

75 

74 

75 ^ 

0.99 


75 minutes after injection of 500 
mgm. 

10000 

14400 

1200 

12.00 

3 

None 

4S 

50 

39 

1.28 


90 minutes after ingestion of 500 
mgm. 

487 

6S0 

131 

5.19 

5 

None 

74 

ss 

68 

1.29 


120 minutes after ingestion of 400 
mgm. 

377 

470 

113 

4.16 

6 

None 

92 1 

82 

100 

0.82 


90 minutes after injection of 400 
mgm- 

4320 1 

5640 

1150 

4.90 


Urinary excretion of pantothenic acid. Rabbits were first used in stud 3 ing 
the rate of excretion and recovery of Ca-pantothenate administered in 
large doses. . It was soon apparent that rabbits w’ere not ver 3 ’- satisfactor 3 ’- 
for this purpo‘:<’ as they micturated very infrequently, especially during the 
day; most of the urine w’as excreted during the night, as is common with 
nocturnal animals. The data collected on two rabbits and recorded in 
table 2, afford some indication of the amount of pantothenic acid excreted 
b 3 ' this species during a 24-hour period. 

Prior to the administration of the test dose the urine W’as collected under 
toluene for 4S consecutive hours. The urine ivas taken from the metab- 
olism cage twice daily and stored in the refrigerator preparatory to anaty- 
sis. Rabbit 5 wiiich received 400 mgm. of Ca-pantothenate per os ex- 
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creted in the urine during the succeeding 24 hours 211.4 mgm. of panto- 
thenic acid. When correction is made for the amount excreted over a 
corresponding period on the basal diet this amounts to a net recovery of 
52 per cent of the amount ingested. When the same amount of Ca-panto- 
thenate was injected there was a net recovery of 295.3 mgm. in the urine or 
approximately 74 per cent. 

The higher amount of pantothenic acid recovered in the urine after 
parenteral administration is in accord Avith the higher levels in the blood 
when the test dose is injected as compared with the figures for blood and 
urine when the test dose is ingested. The percentage recovery in the urine 
of ingested Ca-pantothenate is much higher in the rabbit than in man. 
However, on the basis of bodj’' weight the amount ingested was approxi- 
mately 12 times greater in the rabbit than in the human subjects. 

Since it was desirable to collect urine samples at relatively frequent and 
regular intervals and to obtain a blood sample at the end of each period, it 

TABLE 2 


Urinary excretion of pantothenic acid by rabbits during 24~hour period 




PANTOTHENIC ACID ENOBETED 

V 


Total 

Net recovery 



mgin^ 

mgm. 

5 

None 

400 mgm. orally 


210.1 

6 

None 

400 mgm. injected 


295.2 


was evident from experience with the rabbits that human subjects would be 
much more satisfactorj'-. Healthy men presumably on an adequate diet 
served as the experimental subjects. The general plan was to collect the 
urine for 48 hours prior to the administration of the test dose. The test 
dose of one gram of Ca-pantothenate in aqueous solution was taken at 
6 a.m. just after the bladder had been emptied. The urine was then col- 
lected for the periods indicated in table 3 and a blood sample taken at the 
end of each period. 

"Rdiile there is a marked variation in the amount of pantothenic acid ex- 
creted dui-ing the respective periods and the total 26 hours, an inspection of 
table 3 reveals definite consistencies in the response of the three individuals 
to the test dose. The amount of pantothenic acid excreted during the 48- 
hour period while on the normal diet was 6.32, 6.60 and 6.23 mgm. for sub- 
jects A, B and C respectively. These figures are surprisingly close consider- 
ing the fact that the meals of each of the indi\nduals were prepared at their 
respective places of abode. These values for the daib’" excretion of panto- 
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thenic acid are of the same order as those reported by Pelczar and Porter 
(1941) . The fact that the urinary values for pantothenic acid reported by 
these authors are in accord vuth those reported in this paper substantiates 
the suggestion made at the beginning of this paper, namel}'^, that the wide 
difference in the blood pantothenic acid values reported by Pelczar and 
Porter, and other workers (Stanbery et ah, 1940; Pearson, 1941) may be due 
to the fact that a portion of the pantothenic acid of the blood exists in a 

TABLE 3 


Rate of excretion of pantothenic acid and amount in human blood 


SUBJECT 

Ca-PANTO- 

THENATE 

INGESTED 

HOURS AFTER 
INGESTION 

COLLECTION 

PERIOD 

PANTOTHENIC ACID ESCRETEnj 

BLOOD PANTO- 
THENIC ACID 

Per period 

Per hour 


tngm. 


hours 

mgm» 

mgm. 

pym. per cent 

A 

None 


48 

6.32 

0.13 

28.0 


1000 

2 

2 

16.48 

8.24 

46.0 



5 

3 

6.84 

2.28 

41.0 



8 

3 

2.64 

0.88 

36.0 



11 

3 

1.03 

0.34 

36.0 



26 

15 

4.63 

0.31 

34.0 

Total 

31.62 



B 

None 


48 


0.14 

18.0 


1000 

2 

2 


39.15 

112.0 

i 


5 

3 


7.59 

72.0 



8 

3 


3.33 

54.0 



11 

3 

3.74 

1.25 

42.0 



26 

15 

5.76 

0.38 

30.0 

Total 

120.56 



C 

None 


48 

6.23 

0.13 

20.0 


1000 

2 

2 

31.50 

15.75 

78.0 



5 

3 

14.62 

4.87 

46.0 



8 

3 

12.87 

4.29 

37.0 



12 

4 

5.26 

1.31 

34.0 



26 

14 

6.82 

0.49 

29.0 

Total 

71.08 




form which is incompletely available to Proteus morganii, the organism used 
b}' Pelczar and Porter. 

That the Ca-pantothenate is rapidly absorbed and then eliminated by 
the Iddney is apparent from the fact that the maximum rate of excretion of 
pantothenic acid in the urine occurs during the first two hours following the 
ingestion of the test dose. Calculated on the amount of pantothenic acid 
excreted per hour there is a rapid decline after the first collection period of 
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two hours. During this period the hourly rate of excretion was 8.24, 
39.15 and 15.75 mgm. for subjects A, B and C respectiveI5^ While there is 
a marked difference in these figures, an examination of the data shows that 
the proportionate rate of decline is of the same order for each individual. 
Thus the ratio of the houi'ly rate of pantothenic acid excretion between the 
first and second periods is 3.6, 5.1 and 3.2 for subjects A, B and C respec- 
tively. The ratio between the hourly rate of pantothenic acid excretion 
during the last period of 15 hours for subjects A and B and 14 hours for sub- 
ject C and the rate on the basal diet was 2.4, 2.7 and 3.8 respectively. On 
the basis of the rate of excretion it is apparent that by far the greater part 
of the pantothenic acid eliminated occurs by way of the renal pathway 
during the first 26 hours. As a matter of fact more than 50 per cent of the 
total recovered was excreted during the first two hours after ingestion of 
the test dose. From these data there is no reason to believe that appreci- 
able amounts of pantothenic acid would have been recovered had the urine 
been collected for an additional 24 hours. 

Relationship of blood pantothenic acid to rate of excretion in the urine. 
There was considerable variation in the maximum levels of pantothenic 
acid in the blood following the test dose. However, the values for each 
individual as correlated with the amount in the blood is fairly consistent. 
The maximum levels were observed at the end of the first 2-hour period 
after the administration of the test dose. It is, of course, recognized that 
the blood may not have been dra^vn at just the moment the pantothenic 
acid content of the blood was at its highest level. Nevertheless, the max- 
imum level observed in the blood and the maximum rate of excretion both 
occurred during the first 2-hour period. The highest level of pantothenic 
acid observed was 112.0 pgm. per cent for subject B,iand this individual 
likewse had the highest rate of excretion during this period. In subject 
A the maximum level of pantothenic acid observed in the blood was only 
46.0 Mgm. per cent while the maximum hourly rate of excretion in the urine 
was 8.24 mgm. In each individual the amount of pantothenic acid in the 
blood continued to decrease with each successive period as did the rate of 
excretion in the urine. However, at the end of 26 hours none of them had 
returned to their original values. 

It is of passing interest to compare the pantothenic acid content of the 
blood of these indhdduals on normal diets with the amounts found four 
months preAdousb’- (Pearson, 1941). The levels observed at that time w'ere 
23.0, 16.0 and 21.0 Mgm. per cent respectively for subjects A, B and C as 
compared with 28.0, 18.0 and 20.0 Mgna per cent as reported in table 3. 
■^dfile the present values are not identical AHth the earlier values they do 
occupy the same relative positions. 

Recovery of ingested Ca-paniothenate. There ai’e at least twm possible ex- 
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planations of the i\ide difference in the response of the three indi^dduals 
after ingestion of the test dose in respect to the amount recovered in the 
urine, maximum rate of excretion and maximum amount of pantothenic 
acid in the blood. The response ma 3 '- be due to a difference in the amount 
of the test dose that was absorbed. The data also suggest that the capacitj- 
for storage of absorbed pantothenic acid may have differed in the experi- 
mental subjects. Perhaps the diet of individual A had not furnished as 
much pantothenic acid as had the diet of B and C. Thus the tissues of 
subject A were less saturated with pantothenic acid resulting in a liigher 
per cent being retained while B’s tissues were more saturated and thus 
had less capacity for storage of the acid. This theorj’^, however, is not sup- 
ported b}”^ a difference in the dail}' excretion of pantothenic acid bj'’ the 
individuals while on normal diets. 

The percentage recover}' of ingested Ca-pantothenate was relativelj' low 
in the experiments with humans. After correction is made for the excre- 
tion in the urine on the basal diet the net recovery of ingested Ca-panto- 
thenate was 2.8, 11.7 and 6.8 per cent for subjects A, B and C respectively. 
Interest naturally arises in what happened to the pantothenic acid not re- 
covered in the urine. For the present this question remains unanswered. 
Of course a large proportion of the pantothenic acid may have been stored 
in the tissues, especiall}' in the liver. If this were the case it was certainlj' 
removed very rapidl}' from the blood. Another possibility is that the 
pantothenic acid was converted to other compounds, such for example as 
the conversion of the alanine moiet}' to glucose. Anal 5 ’-sis of the tissues for 
pantothenic acid would be very helpful in advancing our knowledge on the 
metabolism of the pantothenic acid which was not recovered in the urine. 

There was no evidence of toxicity following the administration of large 
doses of Ca-pantothenate. Nor were there unfavorable effects such as 
flushing of the skin as results from the administration of nicotinic acid 
(Sebrell and Butler, 1938; Popkin, 1939). 

SUJIMAUy 

1 . Data are reported on the effect of the administration of large doses of 
Ca-pantothenate on the pantothenic acid content of whole blood, plasma 
and cells, and the rate of excretion in the urine. 

2. Following the administration of a large dose of Ca-pantothenate there 
is a rapid increase in the amount in the blood. The extent of the increase 
appears to depend upon the size of the dose per unit of body weight and the 
mode of administration. The increment of pantothenic acid in the blood is 
more marked when the test dose is administered parenterally than when it 
is given orally. The ratio between the pantothenic acid content of the 
plasma and cells following the administration of the test dose was from 4.2 
to 12.0 as compared with a ratio of approximately one for normal animals. 
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3. There is a definite relationship between the amount of pantothenic 
acid recovered in the urine and the maximum level observed in the blood. 

4. Over 50 per cent of the total pantothenic acid recovered in the urine of 
humans following the administration of the test dose occurred during the- 
first two hours. Folio vdng the initial 2-hour period there was a rapid dec- 
rement in the rates of excretion of pantothenic acid which was concomitant 
with a decrease in the amounts in the blood. 

5. When 400 mgm. of Ca-pantothenate was administered orally to a 
rabbit 52 per cent was recovered in the urine within 24 hours. When the- 
same amount was administered parenterally 74 per cent was recovered in 
the urine during the corresponding period. 

6. The percentage recovery of pantothenic acid in the urine of rabbits 
was much greater than for man; however, the amount ingested by the latter 
was only about one-twelfth the dose administered to rabbits on the basis of 
body weight. Of 1 gram of Ca-pantothenate ingested by humans 7.8, 
11.7 and 6.8 per cent for the respective subjects was recovered in the urine 
during the succeeding 26 hours. 

The author wishes to acknowledge his indebtedness to Merck & Company 
for the Ca-pantothenate used in these investigations. 
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The effects of sulfanilamide on the acid-base balance of man have been 
repeatedlj^ studied. It is veil established that the drug produces a fall 
in the C02-combining capacit}’’ of the blood with a compensatorj'’ decrease 
in the alveolar pCOa and an increase in lung ventilation. Beckman et al. 
(1) attribute these changes to deficient reabsorption of bicarbonate by 
the kidney tubules. Hartmann et al. (2), however, regard the hj’-perpnea 
as a central effect occurring earlier than would be possible in response to 
excess excretion of bicarbonate in the urine, though in the dog McChesnej’’ 
et al. (3) recently claim to have shown that the kidney changes come first 
in order of time. In search for an explanation of the lowered bicarbonate 
of the blood, Mann and Keilin (4) have studied the effect of sulfanilamide 
on dilute solutions of the enz 3 TOe carbonic anhj’-drase and have discovered 
a specific poisoning effect bj’’ the drug at concentrations of less than 1 mgm. 
per cent. In man at rest, however, no appreciable changes have been 
observed in the rate of CO 2 output in the expired air and but little in the 
pH of the plasma even when the blood contains several milligi’ams per 
cent of sulfanilamide. The bodj’’ can presumablj’- therefore compensate 
against depression of the rate of CO 2 output in vivo b}’- sulfanilamide. One 
object of the present work was to elucidate the nature of this mechanism 
and to see, by metabolic and blood studies under two grades of muscular 
exercise as well as at rest, how far it remains effective when the processes 
for CO 2 removal are put to increasing strain. So far as we know, the 
effects of sulfanilamide in moderate and severe exercise have not been in- 
vestigated before, though they are of obvious practical importance in 
deciding how much work can be done by industrial and military personnel 
while under treatment by the drug. Not only is sulfanilamide widely 
used for ambulant patients, particularly those suffering from venereal 
disease, but its use has also been proposed as a proph 5 dactic measure. 
Our second and equally important object was therefore to find out how 
much physical and mental handicap is induced by moderate doses of 
sulfanilamide. We have accordingly made psychological and cardiovascu- 
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lar measurements to supplement the customary metabolic and blood 
studies. These four sets of data will first be presented, since the}" yield a 
fairly complete answer to the practical question just mentioned and do 
also throw some light on how the body compensates against the expected 
depression in the rate of CO 2 output by sulfanilamide. This more difficult 
problem, however, requires in addition new data on the effect of sulfanil- 
amide on 1, the activity of carbonic anhydrase in the red cell rather than 
in the dilute solutions studied by Keilin and Mann; 2, the CO 2 pressures 
in the alveolar air and the arterial and mixed venous bloods. This part of 
the research is as yet incomplete, but the results and conclusions so far 
obtained will be given in the latter part of this paper. 

Experimental procedure. Six normal subjects were given two to 
three grams of sulfanilamide daily. Observations were made before and 
during the drug administration on the basal gas exchange, pulse, blood 
pressure, electrocardiogram, and CO 2 and O 2 (5) in the arterial blood. The 
arterial blood was analyzed for CO 2 and O 2 , and a part of the blood sample 
was equilibrated at 37°C. Avith a gas mixture of pC02 = 40 and O 2 = 200 
mm. Hg. From these analyses the pC02 and pHs of the arterial blood 
were calculated (Dill, Graybiel, Hurtado and Tacquini, 6). Alveolar gas 
samples and samples of rebreathed CO 2 mixture also were obtained to 
estimate the arterio-venous pC02 differences. Similar observations ivere 
made in exercise on the bic 3 "cle ergometer, the oxygen consumption during 
the exercise being 5 to 6 times the basal level. Finally the subjects ran 
to exhaustion on an inclined, motor-driven treadmill while determinations 
were made of maximum pulse, oxygen consumption and CO 2 output. 
EKG and blood pressure were recorded after the run. 

Three types of psychological tests were made daily on three of these 
subjects before, during and after sulfanilamide. At the same time two 
control subjects, not receiving the drug, were similarly tested. The tests 
used Avere the Johnson Code Test, the WoodAA-orth-Wells Form-Naming 
Test, and the Pursuit Meter. 

Sulfanilamide concentration in the blood ( 7 ) Avas determined daily, 
likeAAnse the amount of sulfhemoglobin and methemoglobin. 

Carbonic anhydrase activity of the intact red cells AA"as estimated as 
described later. 

Three of the subjects (D. B. D., F. C. and J. T.) recehung 3 grams of 
sulfanilamide daily and the one (N. R.) recemng 2 grams daily AA'ere able 
to continue the complete tests for at least tAA’O successive da3"s AA'hile taking 
the drug. HoAA'eA"er, F. C. Ammited once on the second day and N. R- 
AA-as dizzy and nauseated on the third day. R. D. took 3 grams dailj" 
for 3-3- days but did not go through the exhausting run, since he deA’eloped 
a head cold at the end of the second daA". B. C. A’omited on the first day, 
AA'as nauseated and barel}" able to finish the bicycle exercise on the second 
day. The treadmill run and further studies on him AA-ere impossible. 
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The dose of sulfanilamide was chosen to correspond to the maximum 
customarilj^ administered to ambulatory patients. 

Section i. Physiologicae and psychological effects of sulfanila- 
mide ON MAN. Table 1 presents a summary of some of the measurements 
in all six subjects for resting conditions and two degrees of exercise. The 
results in each subject are presented chronologicallj’": first the control period 
and then the sulfanilamide period, finallj'- in the cases of F. C. and J. T. 
an experiment in the first daj’’ of the recover}’’ period. On each day of tests 
the blood sulfanilamide value is noted. Methemoglobin and sulfhemo- 
globin values were no more than a trace in any case and are omitted from 
the table. 

Resting conditions. The measurements here merely confirm those pre- 
viously noted by others. The regular changes are a drop in the blood CO 2 
capacity (T 40 ), a compensatory decrease in arterial pCOa and an increase 
in ventilation. The change in ventilation is absent in subjects F. C. and 
B. C. but present in all others. There is some variability in basal oxj^gen 
utilization and CO 2 output but no definite trend except a rise in the case 
of R. D. who was suffering from an upper respiratoiy infection during 
the sulfanilamide period. 

The pulse rate and blood pressure at rest showed no definite changes 
after sulfanilamide. However, electrocardiographic changes at rest were 
observed in five of the six subjects following sulfanilamide administra- 
tion. In four cases there was well-marked lowering of the T waves pre- 
dominantly in leads 1 and 2 or leads 2 and 3. These changes appeared 
within 24 hours of starting the drug and continued through the period of 
its administration. In one subject, B. C., who developed early severe 
toxic symptoms, the T waves became frankly inverted in lead 2 and re- 
mained so for the remaining 24 hours before the experiment was 
discontinued. 

In the blood values the only additional points of note are the T 40 values 
during recovery on F. C. and J. T. J. T. had taken 5 grams NaHCOs 
with each 1 gram of sulfanilamide. As soon as both were stopped, the 
sulfanilamide effect apparently persisted longer and so caused a further 
drop in CO 2 capacity. In the case of F. C., who received no NaHCOs, 
the T 40 value remained at its low level during the first 24 hours of recovery. 
Tests during the recovery period on these two subjects afford an oppor- 
tunity to observe the effects of lowering of the bicarbonate without sig- 
nificant sulfanilamide in the blood. 

Bicycle exercise. All except B. C. performed this exercise with ease 
after sulfanilamide, although it was somewhat harder for most of them. 
B. C. was bare!}’ able to finish the test. 

In this moderate exercise the ventilation was invariably increased after 
sulfanilamide (average increase = 25 per cent). However, the rate of 
oxygen intake and COc removal showed only minor variations. The 
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TABLE 1 

Gaseous exchange and arterial blood values before and during administration 

of sulfanilamide 



R.Q. 
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arterial bloods showed a similar change to that at rest, namely, a drop 
in bicarbonate (T40) and a compensatory decrease in pCOa. 

The toxic effect of the drug on the cardiovascular system is more clearly 
evident during this exercise than at rest. Invariably a faster pulse rate 
was observed in the sulfanilamide period than in the control period, the 
rise ranging from 10/min. in D. B. D. and N. R. to 32 in B. C. Changes 
in blood pressure were significant only in D. B. D. and B. C. In D. B. D. 
it rose from 130/80 to 162/90; in B. C. from 162/90 to 190/100. 

Electrocardiograms taken immediately after the bicj’^cle exercise were 
usually difficult to compare with those after similar exercise before ad- 
ministering sulfanilamide, due to the faster heart rate usually present in 
the former instance. I^Tiile in such conditions an increase in the amplitude 
of the T waves was observed due to the increase in rate, nevertheless in 
two cases a slight increase in the amplitude -was observed without a coinci- 
dent rise in heart rate. The changes observed were thus not of a major 
character. 

Treadmill exercise. The most consistent and striking changes are evi- 
dent from the results of this exhausting exercise. In each of the four sub- 
jects who performed the test there was less CO 2 removed, although the 
figures for oxygen consumption were nearlj”- identical in the control and 
drug periods. The most marked effects were found in the case of D. B. D., 
in whom the blood sulfanilamide was highest, viz., a drop of 29 per cent 
in the CO 2 elimination and a change hi R.Q. from 1.19 to 0.94. In the case 
of N. R. it will be seen that there was no change on the first day of sulfanil- 
amide with a blood level of 2.3 mgm. per cent, but a definite change on the 
second day with a blood sulfanilamide value of 3.6 mgm. per cent. This 
evidence for difficulty in CO 2 removal ivas supported by the subjective 
sense of suffocation which several of the subjects experienced, and b}’- the 
fact that the hyperpnea during recoveiy was noticeabl}'- more severe and 
prolonged. Determinations of blood lactate 5 minutes after each run 
showed similar values before and during sulfanilamide, thus indicating 
comparable grades of work during the different runs. 

The question arises whether decrease in the blood bicarbonate might be 
the cause of these changes rather than an 5 ’^ specific sulfanilamide effect. 
Accordingly. D. B. D. took 10 grams of ammonium chloride and performed 
the run 12 hours later. This time his blood bicarbonate (T40) showed 
approximately the same value as during sulfanilamide. The R.Q. and 
CO 2 output, however, were definitely higher, although not as high as in 
the normal state. A similar result is seen in F. C. and J. T. on treadmill- 
runs 24 hours after stopping sulfanilamide. At this time the sulfanilamide 
had practically disappeared from the blood, but the blood bicarbonate was 
as low as, or lower than, during the drug administration. It can be seen 
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that the R.Q. was definitely higher in both instances during this residual 
acidosis than during sulfanilamide administration. 

It can only be concluded from these data that in exhausting exercise 
the mechanism for CO 2 removal has been definitely impaired in the case of 
D. B. D. at the time when his blood sulfanilamide content was 4.2 mgm. 
per cent (the highest level observed in any of the individuals tested) and. 
showed signs of impairment in the other cases. 

No significant additions to our evaluation of cardiovascular changes 
were secured during the severe exercise. The maximum pulse rate was 
not altered. 

Electrocardiograms taken immediately after the run showed small 
variations, which could only be attributed to changes in heart rate. ' 

TABLE 2 


Time in seconds* to complete Johnson Code test 


EXPERIMENTAL SUBJECTS 

BEFORE SUL* 

fanilamide 

DURING SUL- 
FANILAMIDE 

A PEB jCENT 

after sul- 
fanilamide 

D. B. D 

112.5 

127.4 

-i-13.2 

•4*8.2 

+12.1 

113.6 

B. C. D 

113.5 

122.9 

102.8 

F. M. C 

100.8 

113.1 

90.0 



Means 

108.9 

121.1 

-fll.6 

102.1 



CONTROL SUBJECTS 

NO sul- 
fanilamide 

NO SUL- 
FANILAMIDE 

A PEB CENT 

NO 8UL- 
FANILASUDE 

S. M. H 

98.9 

101.1 

-f2.1 

-6.7 

99.4 

D. 0. F 

152.8 

142.6 

143.1 

Means 

125.9 

121.4 

-2.3 

121.2 




* An increased time indicates a poorer performance. 


Psychological tests. The Johnson Code Test, alone among the three 
tests used, showed significant impairment during sulfanilamide administra- 
tion. The scores (time adjusted for errors) are shown on table 2 for the 
three experimental subjects and two control subjects. 

This test is assumed to measure a cortical level of response. On the 
other hand the Pursuit Meter, measuring at a more nearly reflex level, 
failed to show more than daily variability in D. B. D. and R. D. lo 
F. M. C. there was slight impairment, probably not significant. Like- 
~vise, the form-naming test showed no significant impairment, possibly 
due to the variability of performance of all subjects on this test. 

Practical conclusions as to the effect of ambulatory doses of sulfanilamide 
in man. The mental and physical handicap of taking the drug in this 
dosage is greater than the psychological and physiological tests would 
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indicate. Aside from the vomiting in two of the six cases, each of the 
subjects had a feeling of considerable malaise and mental incompetence. 
Such feehng was not conducive to good work in the laboratory during the 
period of the drug and would undoubtedly impede the skilled activities 
of workers in industry or the military. In emergency, however, a con- 
siderable amount of unskilled labor should still be possible, provided the 
subjects are free from vomiting. 

It should be emphasized that these e.xperiments were made vdth the 
diTig sulfanilamide and not vdth any of the newer drugs in the same thera- 
peutic group. It is known that the latter drugs have no in vitro effect on 
carbonic anhydrase. However, the other effects, i.e., on the nervous sys- 
tem, would seem to be similar and to varj- only in magnitude. It remains 
to be determined whether any of these dings may be administered in 
adequate therapeutic dosage and still allow the patient to carry on safely a 
fully active regime. However, the low cost of the simpler sulfanilamide 
will probably continue to dictate its use whenever possible. The toxic 
effects noted above in adults do not necessarily contradict the benign 
effects reported in rheumatic children (8) given the drug in 2 gram daily 
doses as a preventive against recurrent attacks of rheumatic fever. In 
the first place, it has been a common clinical obser^^ation that children 
tolerate the drug with less apparent toxic effects. Furthermore, almost 
all the children so treated have been severely restricted in their physical 
activit}’’ due to heart damage. 

Section ii. The relation betw'een sulfanilamide, carbonic anhy- 
drase IN THE INTACT RED CELL AND THE R.4.TE OF COo OUTPUT IN VIVO. 
Mann and Keilin (4) have shown that in dilute solutions of carbonic anhy- 
drase the activity of the enzjme, as measured by the magnification it pro- 
duces of the rate of CO 2 output from M/10 phosphate-M/10 bicarbonate 
mixtures at pH 6.8 (IMeldram and Houghton (9)), is reduced to one-half bj^ 
2 X 10“® M sulfanilamide, i.e., by 0.035 mgm. per cent. At the blood 
level attained by the subjects in table 1, viz. 3 to 4 mgm. per cent, the 
activity should be reduced 100-fold, if, as Davenport’s recent data (10) 
suggest, 1 molecule of sulfanilamide inhibitor combines reversibl}’’ with 1 
molecule of enzjmie, i.e., E + 1 El. 

Houghton (11) has calculated (I) that the rate of the reaction H2CO3 
CO2 + H2O needs to be magnified 150-fold within the blood, if the CO2 
in the lung capillaries is to come to AHthin 10 per cent of equilibrium with 
the CO2 in the alveolar air in a time of one second, or 75-fold if the average 
time spent by the blood in the lung capillaries is two seconds. The figure 
of one second is probably a minimum, whereas that of two seconds is 
probably not far from the average. These calculations apply both to rest 
and to moderate work. 

(II) Carbonic anhydrase at the concentration present in the red cell 
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would magnify the rate of CO 2 output from the Meldrum-Roughton buffer 
mixture (v. supra) 1500-fold at 38°C. if the activity of the enzyme remains 
proportional to the concentration up to these very high concentrations of 
the latter. This figure of 1500 is increased to 2700 when the higher average 
anhydrase content of human blood, subsequently found by Hodgson (12), 
is used. 

In the red cell in vivo the substrate concentration is lower and the pH 
more alkaline than in the Meldrum-Houghton solution. Both these 
factors would, according to unpublished data by Houghton and Booth, 
increase the magnifjdng effect of the enzyme, the former about 2-fold 
and the latter about 1.4-fold, thus leading to an over-all increase from 
a magnification of 2700 to one of 7500. The M/10 phosphate in the 
Meldrum-Houghton solution and the chloride content of the red cell are 
both inhibitor}’- to about the same extent at pH 7.1 so that no correction is 
needed for the different salt contents of the two media. There is, how- 
ever, an additional factor which should increase the figure of 7500 still 
further. This is the activating effect of the — NH 2 containing compounds 
(Leiner, 13) present in the red cell. 

Even, however, if we accept the minimal figure of 7500 as the magnifica- 
tion produced by the anhydrase of the red cell and assume that 3 to 4 mgm. 
per cent sulfanilamide is able to reduce it 100-fold,^ we are still left ■v\’ith 
a magnifying factor of 75, which according to Houghton’s calculation 
(I) might be enough to account for the rate of CO 2 output at rest and in 
moderate work. On this basis, the maintained rate of CO 2 output under 
the conditions of table 1 (except for the exhausting exercise) is explained. 

These arguments, though fairly convincing, would be much strengthened 
by direct observations on the activity of the carbonic anhydi’ase in the 
intact red cell. In absence of inhibitors the reactions in the red cell are 
too fast to be followed by manometric methods and can only be recorded 
by the rapid-flow methods of Hartridge and Houghton (14, 14a) ; but the 
interpretation of the results is seriously complicated by non-enzymic fac- 
tors, such as the rate of diffusion of CO 2 through the membi’ane and body 
of the red cell. In the presence of sulfanilamide, however, the rate of CO 2 
uptake by C02-free red cell suspensions shaken with air containing 5 per 
cent CO 2 is slow enough to be followed by the manometric technique, 
described by Meldrum and Houghton (15) and used subsequently by 
Booth (16). Since the results and conclusions so obtained are but rough, 
they -will therefore only be described briefly. 

The procedure was as follows. Human blood (with oxalate or heparin 
as anticoagulant) w’as centrifuged and the plasma replaced by 0.9 per cent 

’ Davenport (10) has recently shown that the inhibitory effect of sulfanilamide 
progressively falls with increase in enzyme concentration and finally reaches a value 
only about f of that found by Mann and Keilin in dilute enzyme solutions. 
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NaCl, The cell suspension was then freed of nearly all its CO 2 by re- 
peated shaking in vacuo at 37°C., and then recentrifuged. One cubic 
centimeter of cells was mixed in a 40 cc. boat vdth 2 cc. of 0.9 per cent 
NaCl containing concentrations of sulfanilamide varjdng from 0.03 to 
0.5 per cent. The boat was placed in a shaker at 0°C. or room temperature 
(22°C.) and the air in the boat displaced by passing a gas mixture con- 
taining 5 per cent CO 2 , 25 per cent O 2 and 70 per cent N 2 through it for two 
minutes. After 2 to 3 minutes for temperature equilibriums, shaking was 
started and the CO 2 uptake followed by the gauge readings of the 
manometer. 

At 0 to 3 mgm. per cent sulfanilamide the observed rates are practically 
constant, being conditioned not by the chemical reaction rates in the sus- 
pension but by the rate of diffusion of CO 2 from the gas to the liquid phase; 
but at sulfanilamide concentrations of 20 mgm. per cent the observed rates 
are appreciabl 3 '- lower, and in fact depend both on the enzjunic rate and the 
diffusion factor. Separation of the enzj'^mic rate can, however, be made 
very roughlj’’ by the method to be described by Roughton in a forthcoming 
paper. On this basis we find that the time required for 90 per cent of the 
CO 2 uptake to be completed as regards the enzjunic process (as distinct 
from the diffusion process) is about 110 seconds at 0°C. and 22 seconds at 
22°C. for a sulfanilamide concentration of 20 mgm. per cent. Independent 
data by Davenport (10) on dog red cells agree to within 10 to 20 per cent 
of these figures. At 3 to 4 mgm. per cent sulfanilamide the corresponding 
times should be about 20 seconds at 0°C., 4 seconds at 22°C. and (b}’’ extra- 
polation) 1.4 seconds at 38°C., if Davenport’s evidence that one molecule 
of inhibitor combines reversibty with one molecule of enz 3 mie is correct. 
Since the enz 3 'ine magnifies both CO 2 uptake and output rates equalbq 
a time of 1 to 2 seconds .should also be required to reach within 10 per cent 
of equilibrium as regards CO 2 output. 

These more direct experiments on the red cell suspensions thus lead to 
the same conclusions as the previous work on dilute enz 3 ’-me solutions. 
It is hoped that it may later be possible, by the Hartridge-Roughton rapid- 
flow methods, to make direct observations of the rate of CO 2 output from 
red cells poisoned with only 3 to 4 mgm. per cent sulfanilamide, and thereby 
check directly whether the residual acthdty of the carbonic anhydrase in 
the red cells under these conditions is sufficient, or whether the maintenance 
of the rate of CO 2 output in table 1 might be in part occasioned b 3 " en- 
hanced function of the cavbamino mode of CO 2 transport. Normall 3 q 
according to Ferguson and Roughton (17) and Ferguson (18), one-quarter 
to one-third of the CO 2 rapidly transported by the blood is brought about 
by rapid reversible combination between CO 2 and — ^NHo groups in the 
hemoglobin molecule, a reaction which does not require the functioning of 
carbonic anh 3 'drase. 
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An attempt was made in the subjects at rest and performing moderate 
exercise to detect changes in the equilibrium pressures of CO2 in the blood 
and alveolar spaces. Such measurements, it was hoped, might give some 
hint of conditions more favorable for the carbamino transport of CO2. 
The measurements made were 1, the alveolar pC02,* 2, the arterial blood 
pCOj, and 3, the “virtual mixed venous pC02.“ The last value was 
measured by rebreathing a suitable CO2-O2 mixture for a period shorter 
than the blood recirculation time, and presumably measures the pC02 
of the mixed venous blood which has been oxygenated but has neither lost 
nor gained CO2. Several unknowm factors (possibl5’’ changing cardiac 
output, the O2 saturation of the mixed venous blood, the possible failure 
of CO2 equilibrium during oxygenation of the venous blood) make definite 
conclusions from analysis of these data impossible. However, we present 
two trends observed in our data, since they indicate possible adjustments 
made in vivo to inhibition of carbonic anhjj^drase, and maj’' point the way 
to future better controlled experiments. These trends were 1, an increase 
in the difference between the CO2 tensions in the arterial blood and the 
mixed venous blood during moderate exercise after sulfanilamide. This 
condition, other things being equal, -would favor an increase in the propor- 
tion of CO2 transported in the carbamino form; 2, also, during moderate 
exercise the PCO2 of the arterial blood (after withdrawal from the bod}’-) 
relative to that of the alveolar air tended to be higher during sulfanilamide 
than before taldng the drug. This might indicate insufficient activity of 
the carbonic anhydrase, since in that case the free CO2 of the blood might 
be readily removed down to a low pressure from the blood in the lungs 
before equilibrium in the reaction H2CO3 H2O 4- CO2 is reached. The 
attainment of this equilibrium after the blood had left the lungs would lead 
to a subsequent increase in the pC02 of the arterial blood at the expense of 
its bicarbonate content. 

Thus, whereas the best calculations from in vitro tests -would seem to 
indicate just sufficient residual activity of the enzyme for moderate work 
in the presence of 3 to 4 mgra. per cent of sulfanilamide, there is suggestive 
evidence from the actual subjects that in vivo adjustments have begun 
to appear. 


CONCLUSIONS 

1. At rest and in moderate exercise (5-6 times the resting metabolism) 
the rate of CO2 elimination is unchanged in human subjects by adminis- 
tration of sulfanilamide to a blood concentration of 3 to 4 mgm. per cent. 

2. In exhausting exercise there is definitel}^ some handicap in C02 re- 
moval, resulting in the damming back of CO2. This adds to the acidosis 
of lactate formation and results in prolonged dyspnea during recovery. 

3. The degi'ee of psychological and general physical handicap observed 
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in subjects taking two to three grains of sulfanilamide daily was severe 
enough to make its prophylactic and therapeutic use unsuitable in patients 
expected to continue exacting or strenuous work, especiall}’- if this re- 
quires skill. 

4. According to calculations for moderate exercise normal CO2 exchange 
in the lungs requires sufficient carbonic anh 3 >'drase in the red cells to speed 
the reaction H2CO3 H2O -f- CO2 75-fold. Independent deductions 
from previous studies of the inhibitoiw action of sulfanilamide on dilute 
enzyme solutions and from present measurements of the enz 5 mie inhibition 
in the intact red cell suggest that the residual enzyme activity in the pres- 
ence of 3 to 4 mgm. per cent sulfanilamide is at or near the above threshold. 

5. There is however some evidence from the measurement of carbon 
dioxide tensions in the alveoli and in the venous and arterial blood of sub- 
jects performing moderate exercise after sulfanilamide that the enzj'-me 
activit}'^ of the carbonic anltydrase is not quite adequate and that the 
carbamino mechanism ma}'- be performing a gi’eater share in the transport 
of CO 2 . 
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The effect of intravenous injection of renin on the renal circulation has 
been observed b 3 '- a variety of methods and, with one exception, the char- 
acteristic response has been shown to be a decrease of renal blood flow. 
Steele and Schroeder (1), using a thermostromuhr, observed the action of 
renin on renal blood flow of dogs during recover}'’ from anesthesia (pento- 
barbital sodium) and found that renin either failed to alter renal blood flow 
or caused a slight increase. Under the conditions of their experiments the 
renal circulation responded characteristically to epinephrine. Their 
findings were not in agreement with those of previous workers (2-5) nor 
vdth those of one of us (Corcoran) and Page (6) who found a significant 
decrease of renal blood flow in trained dogs during intravenous infusions 
of renin. Because of this difference in results it seemed advisable to make 
further observations on the effect of renin on renal blood flow by means of 
a thermostromuhr and under a variety of experimental conditions. Data 
also are presented in this report concerning the action of angiotonin, the 
vasoconstrictor formed in the interaction of renin and renin activator (7). 

Method. The direct current thermostromuhr as described bj’’ Baldes 
and one of us (Herrick, 8) was emploj'ed for all measurements of blood 
flow. Blood pressure was recorded opticall}'- by means of a glass spoon 
manometer (9). Seven dogs were used for this stud 5 ^ Four were anes- 
thetized with pentobarbital sodium in acute experiments. The remainder 
of the experiments, in which obserA'ations were e.xtended over several 
da\^s, were done on trained dogs. The dogs weighed between 10 and 16 
kgm. except for one which weighed 5.9 kgm. The operative procedures 
for the acute experiments were as follows: Through either a midline or a 
lumbar incision parallel to the spine the renal arter}’’ was exposed and 
carefully freed from connective tissue. After a thermostromuhr unit of 
proper size had been applied, the wound was closed. Following this, 
either the femoral or the carotid artery was cannulated and connected to 
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the glass spoon manometer for the measurement of blood pressure. In 
two acute experiments blood flow was also measured in the femoral artery. 
In the experiments on the trained dog the unit was applied to the renal 
artei'}'’ through a lumbar incision parallel to the spine, ether anesthesia and 
sterile technic lieing employed. Observations of blood flow were not begun 
until the dog had recovered from the immediate effects of the operation. 
At the time of measurement of blood flow the mean femoral blood pressure 
was obtained by insertion of a hypodermic needle into the artery after 
connection with a glass spoon manometer. If, for any reason, cannulation 
of the arteiy was preferred for the measurement of blood pressure, the 



Fig. 1. Effect of renin on the blood flow in the renal artery and carotid arterial 
blood pressure. 


necessary operative procedure was performed with the animal under local 
infiltration of pontocaine hydrochloride and sterile technic was emplo.yed. 

After satisfactoiy control oliservations either renin or angiotonin was 
injected intrat'enously. Usually an intravenous infusion, at a relatively 
slow rate, immediately followed the initial intravenous injection. 

Results. Renin and angiotonin produced the same consistently sig- 
nificant effect on the flow in the renal arteiy, that is, a marked decrease 
(figs. 1 , 2 and 3) . Angiotonin caused a more immediate and more transient 
effect than renin. This characteristic difference between the effects of 
renin and angiotonin has been reported previously (10). The two sub- 
stances produced similar effects on the flow of blood in the femoral artery, 
that is, a transient decrease followed by a somewhat more prolonged 
increase (fig. 3). 
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The blood pressure increased significantly after injections of either lenin 
or angiotonin. 
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When a second injection of either substance was made within a few 
minutes after the first, usually no effect or a diminished effect was observed. 
Renin may make the dog refractoiy to angiotonin as well as to renin and 
likewise angiotonin may make the animal refractoiy to renin as well as to 
itself. If a suflBcient time elapses, the effect of the first injection ma}^ be 
obtained again. This phenomenon has been described previouslj^ (11). 
One of the dogs failed to show any tachj'-phylaxis, in that succeeding in- 
jections within a few minutes of each other caused the same marked reduc- 
tion in renal blood flow and increase of arterial pressure. 

No significant difference could be detected in the effects of either angio- 
tonin or renin as between trained dogs and dogs under pentobarbital sodium 
anesthesia (table 1). This observation in dogs is contrary to that reported 
for renin by Pickering and Prinzmetal (12) in the rabbit, but it confirms 

TABLE 1 


Comparison of the effects of renin and of angiotonin administered intravenously with 

and without anesthesia 


EXPERI- 

MENT 

weight of 

DOG 

ANESTHETIC AGENT 

1 percentage decrease in blood 

FLOW 



Benin (dose) 

Angiotonin (dose) 


fcjm. 




1 

16.5 

Pentobarbital sodium 

64 (0.2 cc.) 

63 (0.9 CC.) 

2 

10.5 

None 

66 (0.4 cc.) 

76 (0.4 cc.) 

3 

14.5 

None 

70 (0.4 cc.) 

79 (0.4 cc.) 

4 

12.5 

Pentobarbital sodium 

40 (0.2 cc.) 

82 (0.4 cc.) 

5 

5.9 

None 

90 (0.3 cc.) 

94 (0.5 cc.) 

6 

13.2 

Pentobarbital sodium 

60 (0.4 cc.) 



I 

that of Wakerlin and Chobot (13) with regard to the effect of anesthesia on 
the action of renin in dogs. 

Kohlstaedt and Page in unpublished observations have shown that the 
isolated perfused kidnej" of the dog responds to injections of renin or 
angiotonin by vasodilatation when the kidney has been subjected to pro- 
longed ischemia during or after transfer to the Dale-Schuster pump-lung 
circuit. On the other hand, when the kidney is transferred rapidl}" into a 
circuit from which the vasoconstrictor of defibrinated blood has been 
removed by lung perfusion, it responds to injections or infusions of renin 
or angiotonin by sharp vasoconstriction. In either case, the response of 
the isolated kidney to injections of epinephrine, tj^ramine and pitressin 
is the same. The observations on the isolated perfused kidney of the dog 
under adverse conditions parallel those of Steele and Schroeder on dogs 
recovering from anesthesia. The difference between their results with 
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renin and those here and elsewhere reported therefore may represent a- 
difference in experimental conditions which adversely affects renal cir- 
culation in its response to renin. 

CONCLUSIONS 

Both renin and angiotonin decrease the blood flow in the renal artery 
and increase arterial pressure. In a few observations on the flow in the 
femoral artery it was found that both renin and angiotonin caused 
a diphasic effect consisting of an initial transient decrease followed b}*^ a 
somewhat more pronounced and prolonged increase. Pentoharhital 
sodium anesthesia did not seem to alter the hemodynamic effects of these 
substances. 
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The experiments to be reported consist of two sorts: 1, the injection 
of radioactive potassium into animals and the measurement of its erythro- 
cyte penetration in vivo, and 2, the addition of radioactive potassium to 
the plasma of human blood kept in vitro at 37°C. by the use of an anti- 
coagulant. Preliminary reports of this work have alreadj'^ been made 
(Mulhns et ah, 1941) and the pertinent literature has been quoted (Dean 
et ah, 1941). 

To measure penetration it is necessary to analyze for total potassium 
(K+) in both cells and plasma and to determine the simultaneous concen- 
tration of radioactive potassium (K*) bj’- an immersion type of Geiger- 
Miiller counter. The ratio of these two quantities (K*/K'^) i^ay be called 
the potassium radioactivity (KRA).^ The percentage penetration is then 
100 X ICRAceiia/ICElApUsma. Thus penetration is said to be complete 
when the isotopic composition of the potassium inside the cell has become 
equal to that outside by exchange of K'*' for K*. 

Methods. Details of our methods of preparing the radioactive samples 
of KCl for injection have been previous^ described (Noonan et ah, 1941). 
The material was injected usuaUj’^ subcutaneouslj’^ or in the dorsal Ijunph 
sac for frogs. Cats Avere anesthetized Avith ether and bled from the 
heart or the carotid arter 3 ^ Rabbits AA'ere bled by heart puncture or 
from an ear vein. Rats were killed bj*^ stunning and blood Avas collected 
by cutting the throat. Clotting was prcA’^ented by heparin or oxalate. 
Frogs AA-ere bled by syringe from the aorta after being immobihzed by 
crushing the brain. 

Results. Figure 1 sIioaa's the results of the in auvo experiments AAuth 
several different animals. The experiments Avith rats have been preAuously 
reported (Dean et ah, 1941) so that the experimental points are omitted. 
In general each point represents a separate animal except in the case of 
the rabbits Avhere several samples of blood can be taken at intervals from 

» 100 diAaded by (counts injected per kilogram body weight) and multiplied by 
(counts per milliequh’alent of potassium in sample). 
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an ear vein. Since each point represents a separate animal, considerable 
variation is to be expected but nevertheless the rabbit data in particular 
fall along a very smooth curve, the penetration being 50 per cent complete 
in about 20 hours. A marked species difference is evident. The pene- 
tration of radioactive K into dog cells is shown in figure 2. Most of the 
points were obtained from a single in vitro experiment in which the cells 
were equilibrated in their own oxalated plasma at 37°C. vith continuous 
rotation and were sampled at intervals. At the beginning of the experi- 
ment 0.5 ml. of 2.2 per cent radioactive ICCl was added to 30 ml. of freshly 
drawn blood. This provides a much higher count in the plasma than can 
be obtained in experiments in vivo. The counts are correspondingly more 
accurate particular!}’- in the cells where the low total K tends to give a 



Fig. 1. Values of 100 X relative KRA for erythrocytes of different species plotted 
against time. Experimental points for the rat are given in a pre-vious report (Noonan 
et ah, 1941). 

Fig. 2. Values of relative KRA X 100 for dog erythrocytes. Dots represent in 
vitro observations--u'hile crosses are from 3 different experiments in vivo in -which 
the cell counts -were too lo-sv for satisfactory accuracy. 

low count. In addition to the single in vitro experiment three experiments 
on dogs were tried in vivo, the K* being injected subcutaneously and blood 
being taken at intervals by venipuncture. The results are indicated m 
figure 2 by crosses but the low count in the cells makes the results hardly 
accurate enough to report. Since the higher points as it happens are the 
more accurate we do not consider that the data demonstrate anj'- less rapid 
penetration in vivo than in vitro. 

In figure 3 are plotted our data for human red cells. The dots represent 
the in vitro experiments while the circles represent those obtained in vivo. 
We have already reported one somewhat similar in vitro experiment which 
is not included in figure 3 (Dean et ah, 1941). It seemed important to 
extend the data, however, because the cells in these early experiments 
were not in plasma and there 'U'as danger that the permeability might have 
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been abnormally great. Actually the rate of penetration turned out 
be somewhat greater than in the early preliminary experiments. 

The procedure in these experiments has been varied widely in order to 
see whether the penetration of K was due to damage from handling. As 
anticoagulants we have used heparin, oxalate, citrate, and chlorazol fast 
pink without being able to establish any uniform difference. In defibri- 
nated blood, however, the penetration did appear to be significantly ac- 
celerated. In one experiment we endeavored to avoid the use of any anti- 
coagulant by dra^ving the blood in paraffined vessels and keeping it chilled 
until af ter centrifugation . Another sample of blood was drawn with heparin 
and kept chilled as a control. Only short experiments were possible by 
this technique but the results showed as much penetration in 45 minutes 
as would be expected from the graph of figure 3, and no differences with 
or without heparin were apparent. We have also varied the gas mixture 

PENETRATION 



Fig. 3. Values of relative KRA X 100 for human cells. Experiments in vitro 
(dots) and in vivo (circles). 

\rith wliich the blood was equilibrated using oxygen, pure nitrogen, 30 
per cent CO 2 in oxj^gen, and pure carbon monoxide. Again we were unable 
to obtain significant differences in penetration rate although the variations 
were large. All these experiments with different anticoagulants and differ- 
ent gases are plotted indiscriminately in figure 3 as proof that exchange 
of K* for K+ does proceed at a more or less definite rate. 

In most of these experiments we have simply centrifuged the blood 
sample in a graduated tube, removed the plasma as cleanly as possible 
and analyzed both cells and plasma for botli K+ and K*. In some ex- 
periments, however, we have first washed the cells once in isotonic sucrose 
or isotonic NaCl without appreciably affecting the results. In some cases, 
instead of .separating, washing, and then counting cells we have analyzed 
plasma and whole blood and then have calculated the K+ and K* inside 
the cells from these figures and the hematocrit value. Tins also gave no 
significantly different results. Since our earlier experiments with Ringer’s 
solution gave slightly less penetration than we now observe we tried some 
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further experiments -sAuth cells suspended in Ringer’s solution but the points 
obtained fell closel}’- on the curve given in figure 3. We must conclude 
therefore that the rate of exchange of potassium across the red cell mem- 
brane is fairlj’’ constant and is not subject to appreciable variations from 
different methods of handling. 

Special mention should be made of the three points in figure 3 represent- 
ing experiments done in vivo in man. These offer considerable difficult}’^ 
because the number of counts obtainable in a single sample of KCl is limited 
and in an animal as large as man it does not suffice to give a count in the 
plasma which is much larger than the background count. To obtain a 
sufficiently high count as large a sample of K*C1 as possible was ingested 
promptl}'- after its preparation. A large sample of blood (50 ml.) was 
dravTi 12 hours later. After centrifugation cells and plasma were separatelj'’ 
ashed in nitric acid and superoxol and concentrated by evaporation to a 


TABLE 1 

Penetration into human cells in vivo 


SUBJECT 

KCl IKQESTED 

TIME 

POTASSIUM 

counts/eiter 

countb/K 

PENE- 

TRA- 

TION 



Cells 

Plasma 

Cells 

Plasma 



counts 










mgm. 

per min. 

hrs. 

m.eq.ll. 

m.eq./l. 





per cent 



X 10-* 









L. J. M 

150 


10.8 

73.7 

3.46 

858 

91.4 

11.6 

26.4 

44 

T. R. N 

288 

2.8 

10.8 

84.5 

3.19 

909 

86.6 

10.8 

27.1 

40 

W. 0. F 

218 

8.0 

12.0 

57.7 

4.01 

233 

47.4 

4.04 

11.8 

34 


Counts per liter are recorded in arbitrary numbers. The counts per minute in the 
ingested KCl were approximate, no allowance being made for the counts not recorded 
because of the inefficiency of the counter. 


volume of about 4 or 5 ml., samples of Avhich were counted and analj'^zed. 
The data from these three experiments constitute the most convincing 
proof of the permeability of human red cells to potassium and the data are 
given in table 1. It is striking that the results fall precisely on the curve 
obtained from the manj'- in vitro experiments which we have performed. 
This is additional evidence that the permeability of the cells is not modified 
in anj’- detectable way by handling the cells in vitro. Even in experiments 
where the cells in vitro were slowly hemolyzing the penetration into the 
cells which were still intact seemed to be in no way accelerated. 

In table 2 a comparison has been made between the rates of penetration 
into the red cells of various animals. Figures for the diameters of the 
cells and their potassium contents are included. To understand this 
comparison some theoretical discussion is necessary. 

Consider a red cell of volume Fi ml. and surface area S cm- and contain- 
ing ivi m. mols. of potassium per ml. This cell is suspended in a medium 
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of volume Vo containing potassium in a concentration Ko mM per ml. 
The cell is assumed to be at equilibrium as to potassium so that equal 
numbers of K ions pass both in and out. Let p = the number of millimols 
of K which pass in one direction per cm- of surface per hour. Let xo and 

Xi = the ratio of radioactive to total K or outside and inside 

respectively. Then p xqS = mM of radioactive K* which enter the cell 

TABLE 2 

Permeability of erythrocytes to potassium 


VOLUME SURFACE POTASSIUM 

V X 10'« S X 10-8 Ki X lOJ 


PERME- 

ABILITY 


TIME FOR 
30 PER 


. KikV CENT EX 


(from k) 


CHANGE 

t 


PERME- 
ABILITY TURNOVER 
O.aSiClV 100 pS 
tS KiV 
(from t) 


mM/l. hours 


Dog 

Cat 

Rabbit 

Man 

Guinea pig. . , 

Rat 

Frog 


78 119 

58 96 

48 86 

4015 942 



* Taken as twice the time for 15 per cent exchange. The permeability, p, is in 
units of mM of K per cm.® per hour X 10®. Figures for V and S were taken from 
Ponder (1924) except those for the frog which were calculated on the assumption 
that the cell is a prolate spheroid with major and minor axes of 25.4 and I7.4a respec- 
tively. The hourly turnover of K is taken from values of p calculated from t. 

per hour while p Xi S — the mM of K* which leave in the same time and 
the rate of change of .Xi is 

dxi _ itco - xi) 

If a is the initial value of xq then 


aro = (a — Xj) 


KoFo 


Substituting this in equation 1 and integrating we obtain 

[“ -*■('+ If-:)] = : [^. H)] ‘ (3)’ 

If the cell is suspended in a medium of large volume so that xo is constant 
or if Xo is kept constant as it is approximately in the experiments in vivo 

= We are indebted to Dr. H. A. Blair for this form of the equation. 
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by exchange with the rest of the body then Vo = <» and equation 3 can 
be simplified to the form 


loge (1 - Xi) = - = ~ M (4) 

where k is the slope of the graph obtained by plotting — log* (1 — a:i) 
against i. Then 


kKiVi 

S 


(5) 


The values of k so obtained are given in table 2. These figures are fairly 
well defined by this method for dog, rat and rabbit. The points for guinea 
pig and man are few but reliable; for the frog and the cat the logarithmic 
plot is very poorlj'’ defined and these values of k are therefore subject to 
large error. From these values of k the penneability, p, has been calculated 
by equation 5. The results show permeabilities varying from 0.49 for 
the dog to 5.3 for the frog. 

Similar values maj'- be obtained by another method of analysis whereby 
the times, t, for 30 per cent exchange are derived graphically from graphs 
in figure 1. These values of t are given in table 2. The average rate of 


0 3 

change of .xi during this time is If this average rate is assumed to be 

obtained at the middle of this period or when (1 — xi) = 0.85 then the 

0 3 

permeability, p may be calculated by putting equation (1) equal to -j- 


and solving for p, taking (1 — Xi) = 0.85. The values of p so calculated 
are given in table 2. They agree fairly well with similar values calculated 
from k with the exception of the cat where the experimental points were 
so widely varied. 

From these figures for p it is possible to calculate the rate with which 
the K inside any one of the red cells exchanges with K in the serum. The 
dimensions of p are millimols of K exchanged per square centimeter of 
surface per hour. Therefore, the total exchange in any one of the red 
cells is pS and the total amount of K in the cell is K\Vi. The hourly 

vS 

turnover in per cent is therefore, 100 . Figures so obtained are given 

iviKi 

in the last column of table 2. All the cells exchange 4 to 10 per cent of 
their total K in the course of one hour ivith the exception of cat and frog- 
The cat cell exchanges 45 per cent of its K, tliis large figure being due to 
its small K content and large specific surface. The small figure for the 
frog (1.4 per cent) is due to its very large size and consequent^’- its small 
specific surface. Of all the cells studied the dog cells are the least per- 
meable; indeed it might be stated that all cells are of approximately equal 
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permeability wth the exception of the dog. In spite of this low permea- 
bility the total K content is so small that the dog cells are still able to 
exchange a normal fraction of their total K (10.3 per cent) in one hour. 
The rapid exchanges of K in dog erythrocytes were also noted by 
Cohn (1940). 

From a graph for frog cells shovTi in figure 1, it might be concluded that 
complete exchange never occurs in this species. Nevertheless the cal- 
culated permeability constants are not abnormally low. It is possible, 
therefore, that the apparent failure to obtain complete exchange in the 
24 hours available for experimentation is due entirely to the large size of 
these cells and their small surface mass ratio. It may also be that only 
a part of the cell potassium, perhaps that in the cytoplasm, is available 
for exchange. 

In making this analysis it has been assumed that a:o is constant and equal 
to 1. This assumption may be avoided in analyzing the in vitro dog cell 
experiment since the values of Fo and Vi are Icnown and may be substituted 
in equation 3. The result gives a value of 0.42 instead of 0.49 for k in- 
dicating that the error involved was not serious. 

In the case of the experiments done in vivo there may be some question 
as to the propriety of assuming that xo is constant. After intravenous or 
intra-arterial injection of K* the value of Xo is enormously high immediately 
after the injection but it falls veiy rapidly in a few minutes. After intra- 
peritoneal or subcutaneous injection K* is disposed of to the tissues almost 
as fast as it is absorbed into the blood so that xo is fairly constant. The 
values of KRA (= Xo) for plasma calculated from the rabbit data of table 
2 for times <2.5 hours average 2.8 while the average value for times 
> 10 hours was 2.4. A curve previously published for rabbits (Dean et ah, 
1941) and recalculated shows somewhat higher values for times <3 hours 
but the diffusion coefficient calculated from this experiment by graphical 
integration, i.e., alloiving for actual. values of Xo was 0.665 X 10“® min.-^ 
or 0.04 hr.-i as compared to 0.041 for rabbits in table 2. Our earlier 
figure for rats was 0.06 hr.-i instead of 0.107 by the newer analysis of the 
same data in table 2 but this difference is mostly due to the way in which 
the curve for cells was draivti through the scattered points and the newer 
value is at least as good as the earlier one. The newer figure in table 2 
for human cells is 3.5 times as large as the earlier one but it is based on 
many more and better experiments and the difference is not due to the 
method of ana,lysis. Because of the scatter of points obtained, each from 
a separate animal, the data hardly justify more rigid analj'^sis and the 
results are approximate onljL 

In our pre^s paper ^ye showed that rat red cells were permeable to 
K but suggested the possibility that they might be impermeable to Na 
Otherwise it would be difficult to understand why Na did not exchange for 
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K. Now, however, we have shown that dog cells are permeable to K while 
Colin and Cohn (1939) have previously demonstrated a penetration of Na. 
It remains to show that cat cells are also permeable to both K and Na. 
The data available concerning the penetration of radioactive Na into cat 
cells are presented in table 3. Ten milliliters of blood were taken from an 
anesthetized cat vdth heparin and added to 0.1 ml. of 0.85 per cent radio- 
active sodium chloride. The mixture was rotated at 37°G. and sampled 
after 1 and 4 hours. Radioactive sodium chloride was also injected into 
the cat intraperitoneally and a blood sample was taken 3 hours later. 
After centrifugation, cells and plasma ivere separated, digested in HNO 3 
and analj’-zed for Na and radioactivity as usual. The cells were washed 
once in two volumes of saline before they were analyzed. The results 
leave no doubt that penetration of Na has occurred to the extent of at 
least 10 per cent in about 3 hours. 

TABLE 3 


Permeabilily of cat cells to Na in vitro (heparinized blood) 



PER CENT 
CELLS i 

Na COKTENT 

CORRECTED COUNTS 
PER GRAM 

COUNTS PER M.EQ. 
OpNa 

penetra- 

tion 


Cells 

Plasma 

Cells 

Plasma 

Cells 

Plasma 


1 hour 

] 

3S 1 

96.6 

n.eq./l. \ 

131.5 

1 

20 

225 

H 

■1 

per cent 

13.1 

4 hours 

45 

82 

151 

51.5 

227 



42 

3.4 hours in vivo. . .j 

39 

(89)* 

(141)* 

16 

j 192 

0.18 

m 

13.2 


* Average figures from the other 2 samples. 


It must be concluded from these results that the classical cation imper- 
meability of red cells is only relative. The membrane is undoubtedly 
much more permeable to anions than to cations but cations do penetrate 
and the differences m concentration of potassium which are found between 
the inside and outside of erj’^throcytes must be due to something other 
than impermeability to potassium. 

Hevesy and Hahn (1941) in their latest report have found that “in ex- 
periments lasting a few days an appreciable part of the corpuscle potassium 
of the rabbit, thus a much larger part than found by us previouslj’', is 
replaced by plasma potassium.” Even so the exchange which they report 
is far less than we have found. Unless their rabbits differed from ours 
we can only suggest again (Dean et ah, 1941) that there maj*^ have been a 
shght contamination with radioactive Na. 

Kurnick (1941) has recentlj’^ concluded that human erythrocytes are 
normally impermeable to K and has erroneously quoted us in support of 
this conclusion. It should be pointed out, hoivever, that his experiments 
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show only that the total amount of K in the cells does not change under 
normal conditions and show nothing about their permeability. 

The results vdth K penetration of erythrocytes reported by Danowski 
(1941) tend to show that in the human red cell, K transfer from cells to 
plasma and from plasma to cells can be demonstrated under certain con- 
ditions connected with metabolism although it is to be emphasized that 
such studies do not permit an evaluation of the normal K permeability 
constant. 


summary 

The permeability of erythrocytes to potassium is confirmed by the use 
of radioactive potassium in cells of man, dog, rat, cat, guinea pig and frog. 
The results are calculated in millimols of potassium transferred simultane- 
ously in both directions per hour. Allowance is made for differences in 
volume and surface area of the various cells. Human erythrocytes show 
40 per cent penetration in 12 hours in vivo and this rate is unchanged in 
experiments in vitro. Dog erythrocytes are least permeable and frog cells 
the most permeable. Cat er 3 '’throcytes exchange 45 per cent of their 
potassium per hour, frog cells onlj’- 1.4 per cent while other cells exchange 
4 to 10 per cent. Cat erythrocjdes are shown to be permeable to radio- 
active Na so that both cat and dog cells have now been shown to be per- 
meable to both Na and K. 

We are indebted to Dr. Dubridge and the cyclotron team of the Ph 5 "sics 
Department for our supply of radioactive potassium and to Dr. W. F. 
Bale of the Radiology Department for advice regarding the operation of 
the counter. 
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The administration of desox 3 ’^corticosterone acetate (DCA^ to normal 
dogs in daily doses of 20 to 25 mgm. has resulted in the production of a 
syndrome of polydipsia and polyuria, resembling diabetes insipidus (DI) 
(3) (4). The addition of sodium chloride to the drinking water of these 
animals increased the excessive fluid exchange, but it was noted that pitres- 
sin was relativelj'- ineffective and fluid restriction did not lead to dehydra- 
tion (4). A curious periodic weakness, “mth inability to stand or raise 
the head”, was present when the “diabetes insipidus” was most apparent 
and the effects produced by these large doses were viewed as toxic (3). 
It seemed of value, therefore, to study the effect of smaller doses of DCA 
in normal dogs. We chose a daily dose of 2 mgm. per animal because this 
is about the amount of hormone which will maintain an adrenalectomized 
dog in satisfactory electrolyte balance (10). The effect of a larger dose 
(4 mgm.) was also studied for comparison. 

Our observations were made on 5 female dogs weighing 8.5 to 12 kgm. 
The animals were kept in individual metabolism cages and fed a meat 
diet (25 to 35 per cent fat) supplemented with brewer’s yeast, cod liver oil, 
bone ash, and 2 or 4 grams of sodium chloride. The intake of water and 
output of urine were recorded. The dogs were catheterized at the end of 
each 24 hour period, and the chloride content of the 24 hour urine speci- 
men was determined daily. After a preliminary period of observation of 
several months, 3 of the dogs received 2 mgm. of DCA in 0.8 cc. of sesame 
oil subcutaneously each day. Two dogs received dailjf injections of 4 
mgm. of the hormone. In addition to measuring the fluid exchange, we 
studied the effect of fluid restriction, the diuretic responses to a standard 
dose of distilled water and to a 1 per cent saline solution (25 cc. per kgm.) 

* Most of the desoxycorticosterone acetate used in these experiments was kindly 
furnished by Ciba Pharmaceutical Products, Inc. Additional amounts of the com- 
pound were donated by the Hoffman-La Roche Corporation and the Sobering 
Corporation. 
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by stomacb tube, and the effects of pitressin. The responses to ingested 
water, some after pitressin injections (0.01 U to 1 U per kgm.), were 
determined for each animal before the use of DCA. 

Results. In figure 1 are compared the averaged data of water intake, 
urine volume, and urine specific gravity for 14 days before the a^inistra- 
tion of DCA and for a similar period after 6 weeks of daily injections of 
2 mgm. of DCA. These 3 dogs were receiving 2 grams of salt per daju 
The increments in the fluid intake and the urine output, and the fall in 
the specific gravity of the urine were apparent by the end of the first week. 

In dog 2 the DCA injections were discontinued after 74 daj'^s. The 
water intake and urine volume and specific gi-avity returned to normal 
within 5 days and there was a loss of 300 grams in body weight. By means 
of daily injections of DCA, the syndrome of polydipsia and poljniria was 
maintained in dogs 1 and 3 for more than 160 days. During the last 
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Fig. 1. Average of daily water intake, urine output and urine specific gravity 

15 days of a 10 week period of daily injections of 2 mgm. of DCA in dog 
1, an increase in the daily salt intake from 2 to 4 grams resulted in a rise 
in the water intake from 650 to 875 cc. With the salt intake at 4 grams 
per day, the dose of DCA was increased to 4 mgm. for the next 40 days. 
There occurred a further increase in the daily water intake from 875 to 
2090 cc., a rise in the urine volume from 765 to 1865 cc., while the urine 
specific gravity fell from 1.010 to 1.005. At this point the added salt (4 
grams) was removed from the diet, but injections of 4 mgm. of DCA per 
day were continued. In 12 daj^s, the water intake fell to 430 cc., and the 
urine volume to 394 cc. with a rise in its specific gravity to 1.013. Similar 
results were produced in dog 3, receiving 2 mgm. of DCA, upon the elimi- 
nation of the 2 grams of sodium chloride from the original diet. It appears 
that the magnitude of the excessive fluid exchange which residts from small 
daihj doses of DCA is dcperident upon the amount of sodium chloride in the diet. 
Two other dogs (4 and 5), on a diet containing 2 grams of sodium chloride,' 
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received injections of 4 mgm. of DCA for 12 da 3 ^s. The data from dog 
6 are given in figure 2 and show the manner in which the Dl-like sjmdrome 
is developed. From either 2 mgm. or 4 mgm. of DCA dailj^ there follows 
a primaiy increa.se in the water intake which is greater than the urinary 
output. This phenomenon is illustrated in table 1, and demonstrates the 
primacy of thirst over the polyuria which follows. In our experience, 
the fall in the specific gravity of the urine has been a sensitive index of 
DCA action in normal dogs and maj'^ prove to be a rapid method for the 
assay of this type of DCA activity. 
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Fig. 2. The evolution and subsidence of polydipsia and polyuria in dog 5 re- 
ceiving 4 mgm. of DCA and 2 grams of sodium chloride daily. The cross-hatched 
area between the water intake and urine volume curves indicates a positive water 
balance. 


During the entire injection period, the animals appeared well and showed 
no “ill” effects, such as muscle weakness or “periodic paralj’^sis” (3) . “Heat” 
occuiTed in the 3 dogs that received the hormone for the longer periods 
(74 to 180 da 3 ^s) and was associated v4th an aggravation of the increase in 
fluid exchange. After 3§- months of injections and 7 weeks following the 
last estrus, dog 1 lactated profusely'- for 3 weeks and then ceased lactating 
despite the continuance of the hormone. All 5 dogs maintained a steady' 
gain in weight during the administration of the DCA (fig. 2). 

Wlien the poly'dipsia and polymria were well established, the following 
special studies were carried out: 1 the effect of complete fluid depriA'ation 
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for 1 or 2 days; 2, the effect of water restriction for longer periods; 3, the 
acute diuretic responses to ingested water; 4, to a 1 per cent saline solution, 
and 5, the effects of pitressin on water diuresis and on the 24 hour fluid 
exchange. 

1. The effect of complete fluid deprivation. After 24 hours without food 
and water, the DCA injected animals did not elaborate so concentrated a 

TABLE 1 


Initial water retention and increase in body weight following injections of DCA 

for 2 to ^ days 


DOG 

NUMBER 


daily fluid EXCHANGE (WATER IN- 
TAKE: URINE output) cc. 

WATER 

1 RETENTION 

BODY WEIGHT (KGM.) 

DOSE DCA 

Average of 7 days 
before DCA 

Average of 2 to 4 
days of DCA 

FROM DCA, CC. 

1 X DATS 

Before 

DCA 

After 2 
to 4 days, 
DCA 

3 

rngm. 

2 

(H) 

(^) 

77 X 3 

12.80 

12.90 

2 

2 

(i) 

«(!) 

48 X 4 

10.80 

11.25 

5 

2 


(1) 

105 X 4 

9.40 

9.60 

S 

! 

4 

«(i) 

(i) 

40 X 3 

8.70 

8.90 

4 

4 

(H) 

(i) 

1 

51 X 2 

8.95 

9.15 


TABLE 2 


Effect of water and food deprivation for twenty-four and for forty-eight hours upon 
the urine volume and urine specific gravity 



BEFORE DCA TREATMENT 






24 HOORS 


DURING DCA TREATMENT 


DOG NUMBER 








Urine 

volume 

Specific 

1 Urine volume (cc.) 

i 

Specific gravity 


gravity 

1st day 

2nd day 

Ist day 

2nd day 



cc. 






1 

80 

1.038 

ISO 

118 

1.021 

1.024 

2 

87 

1.043 

120 

88 

1.027 

1.029 

3 

156 

1.063 

154 

136 

1.028 

1.032 


urine as they did prior to the DCA administration. An additional 24 
hour deprivation of food and water did not elevate the urine specific graidty 
to the level obtained in the controls from only 24 hours without food and 
water (table 2). 

2. The effect of icaier restriction, ^en the daily water intake had risen 
to about 600 cc. two of the dogs (1 and 3), receiving 2 mgm of DCA per 
day, were allowed water in less than half this amount, the diet remaining 
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unchanged. Figure 3 shows a typical experiment on dog 3 during a 20 
day period of progressive water restriction. The results obtained on this 
dog differ onlj'" in detail from those observed on the other animal and on 
the same dog at a previous experiment. Although dog 3 tolerated water 
restriction well for 20 days (fig. 3) and a month before for 12 days, dog 1 
showed marked thirst and drying of the mouth, nose and vaginal mucous 
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Fig. 3. Dog 3. Typical response to graduated -water restriction in a dog made 
polydipsic and polyuric by tbe prolonged administration of 2 mgm. of DCA daily. 
Compare with figure 4. 

Fig. 4. The effects of pitressin in oil on the polydipsia and polyuria induced by 
the prolonged administration of 2 mgm. of DCA on dog 3. Compare with figure 3. 


membranes and inspissation of the stools by tbe fifth day of water restric- 
tion, when the experiment was terminated. The blood chloride concentra- 
tion bad risen from 88 to 101 m.eq. per litre despite the slight and inconstant 
evidence of hemoconcentration as measured by the hematocrit and hemo- 
globin values. Upon being allowed water freely this dog drank 1041 cc. 
of water, voided 440 cc. of urine and gained 700 grams in weight during the 
following 24 hours period. In neither of the 2 dogs was there any evidence 
that water restriction altered the urinary excretion of chloride (fig. 3). 
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3. Water dniresis. The responses of 3 of the dogs to a water load of 
25 cc. per kilo by stomach tube were determined before and during the 
administration of DCA (2 mgm.). Qualitatively similar resulte were 
obtained in 32 water diuresis tests performed on the 3 dogs before injections 
were started. Following the administration of the water, there was an 
increase in the urine volume at the first 30 minute period. The greatest 
volume of urine was obtained from 1.5 to 2 hours after water administration. 
By the end of the third hour, the urine volume approached, but usually 
had not reached the basal level. Despite the constant diet and sufficient 
water to satisfy thirst, the volume of the control diuresis for the 3 hour 
period following the administration of the water, was not constant either 
in the same animal or among the different animals. 

The urinary chloride excretion for the 3 hour period of water diuresis 
varied considerably both in the same animal from day to day as well as 
among the different animals, although the daily chloride intake remained 
constant. The amount of chloride excreted during the first half hour 
after water ingestion equalled and, more frequently, exceeded that of the 
half hour before water. As the diuresis reached its peak, the chloride ex- 
cretion diminished in 75 per cent of the tests, but the chloride concentra- 
tion feu in every experiment. As the diuresis subsided, the chloride con- 
centration rose, but the half hourly excretion remained below pre-diuresis 
levels. 

Twenty-nine water diuresis tests were performed upon these 3 dogs 
following the development of polydipsia and polyuria from 2 mgm. of DCA 
and 2 grams of salt. In dog 1 the average diuresis in 3 hours amounted 
to 91 per cent (56 to 100) of the standard water load (9 expts.) as compared 
to 80 per cent (42 to 103) before treatment (8 expts.). In dog 2, the aver- 
age diuresis in 9 experiments was 46 per cent (34 to 65) as compared to 
56 per cent (40 to 80) (8 expts.); in dog 3 (11 expts.) it was 78 per cent 
(56 to 87) as compared to 66 per cent (36 to 91) (17 expts.). The diuresis 
occurred earlier and with greater intensity during the first hour and sub- 
sided more rapidly than in the controls. In only 2 of 31 control tests was 
there excreted during the first hour more than 40 per cent of the 3 hour 
urine volume. In the DCA treated animals, 21 out of 29 tests showed a 
first hour diuiesis "which was at least 40 per cent of the 3 hour excretion 
In the DCA treated dogs the slightly higher levels of urine flow sometimes 
present in the periods before water ingestion were not sufficiently high 
to account for the more rapid onset and the greater intensity of the di- 
uresis. 

In these dogs the excretion of chloride for the 3 hour diuresis period did 
not vary appreciably from the controls. The greatest amount of chloride 
continued to be excreted during the fii-st hour. There was no evidence 
that the accelerated diuresis which occurred in approximately two-thirds 
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of the tests on the DCA treated dogs produced a "washing out” of 
chloride. 

The acceleration of the diuretic response occurred during both the rooder- 
ate and the high increases in the 24 hour w'ater intake and urine output 
and persisted after the fluid exchange had been markedty reduced b}*^ elim- 
ination of the extra sodium chloride from the diet. Consequently, the 
Tapidit 3 '^ with which ingested water was excreted by the DCA dogs was not 
the sole determining factor in the development of the polydipsia. Selye 
and Basset (1940a, b) observed a similar acceleration of the diuretic re- 
sponse to ingested water both in the intact and the hypophysectomized 
rat injected vdth either DCA or progesterone. 

4. Saline diuresis. One per cent salt solution (25 cc. per kgm.) was 
administered by stomach tube to 4 normal dogs. Most of the salt solu- 
tion was retained for more than 3 hours. In 10 experiments the average 
volume of urine excreted during the 3 hour periods was 19 per cent (11.5 
to 29) of the saline administered. In 4 experiments on 2 of the DCA 
dogs there was excreted 66 per cent (60 to 87) of the saline administered. 
In the normal dogs, the urine chloride concentration reached a ceiling of 
about 10 mgm. per cc. and the concentration for the 3 hour period averaged 
onlj'- 8 per cent lower. In the DCA dogs, the maximum chloride concen- 
tration varied between 5 and 6.3 mgm. per cc. while the average concen- 
tration for the 3 hour period was 4.1 mgm. per cc. This latter was 27 
per cent below the maximum and less than half the concentration found 
in the normal dogs. Despite the lower concentration, the DCA dogs ex- 
creted a larger total amount of chloride for the 3 hour period than did 
the controls. These findings suggest that the depressed urinar}’’ chloride 
concentration which was obtained after the prolonged administration of 
DCA was due to the inordinate exci'etion of water. 

5. Effect of pitressin. Before the administration of DCA the excretion 
of water administered bj'- stomach tube was inhibited b}'’ pitressin (0.1 B 
to 1 U per kgm. subcutaneous^’-) ndth a concomitant rise in the specific 
gravity of the urine, an increase in the concentration and usually in the 
total excretion of chloride. After prolonged treatment with DCA in dog 
1, the injection of pitressin re.sulted in the same inhibition of diuresis that 
was observed in the control period before the administration of DCA. 
However, the urine chloride concentration did not rise so much as in the 
control tests. In dogs 2 and 3 the pitressin was less effective. In these 
animals pitressin often caused a marked increase in the excretion of uri- 
nar\’ chlonde, but the larger volume of urine kept the concentration low. 
The larger amounts of chloride appearing in the urine maj^ have inter- 
fered with the anti-diuretic action of the pitressin, since the latter has 
little inhibitory effect on salt diuresis (7). However, the fact that pitres- 
sin did not increase the urine chloride concentration to the same extent as 
it did in the controls, indicates that in the 3 DCA dogs injected with pi- 
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iressin, more water was being excreted than was necessary for tbe elimina- 
tion of tbe chloride. 

In 2 of the DCA polyuric dogs, 15 to 45 units of pitressin per day for 
Z days resulted in a definite anti-diuretic effect and a rise in the specific 
gravity of the urine, during the day, when the pitressin was being adminis- 
tered. However, the 24 hour ivater intake and urine output were not 
.significantly reduced due to an increase in the fluid exchange during 
the night when no pitressin was given. More prolonged action was 
isecured with pitressin in oil= injected in divided doses during the day. 
In dog 1, 3 cc. were given on the first day, 4 on the second and 2 cc. per 
-day for the next 4 days. By the fourth day there was a gradual reduction 
in the water intake from 670 to 300 cc., a fall in urine volume from 650 
to 252 cc. with a rise in the specific gravity from 1.010 to 1.023 and an 
■elevation in the urine chloride concentration from 2 to 5.3 mgm. per cc. 
Upon discontinuing injections of the pitressin in oil, 6 days elapsed before 
the fluid exchange and the urine specific gravity returned to pre-pitressin 
levels. One month later, a second series of injections of pitressin in oil 
yielded comparable results. In dog 3, the injection of pitressin in oil in 
smaller doses produced a decrease in fluid exchange and an elevation in 
urine specific gravity and urine chloride concentration as depicted in figure 4. 

Discussion. Much work has been done on the diuretic response of 
•dogs to a given water load. In the present study, the manner in which 
the dogs handled a water load of 25 cc. per kgm. intragastrically proved 
reproducible in each dog from day to day. The facts obtained by such 
nn experiment, when interpreted in the light of the data obtained by 24 
hour water studies, together with chloride excretion and specific gravity 
of the urine, have been so consistent as to make deviation from these data 
-due to the injection of DCA or pitressin of quantitative significance. 

The polydipsia and pobmria which developed from the injection of DCA 
were roughly proportional in degree and in the speed of onset to the daily 
•dose of DCA and to the amount of sodium chloride in the diet. Thus, 
with the salt intake of 2 grams, 2 mgm. of DCA per day resulted in an 
increase in the water intake from 152 cc. to 290 cc. in 12 days. Oh the 
other hand, 4 mgm. of DCA given for a similar period increased the dailj^ 
water intake from 125 cc. to 430 cc. Ragan et al. (1940) have shoum that 
-during the development of the Dl-like S 3 mdrome which follows the injec- 
tion of DCA, there is an elevation of the serum sodium although balance 
studies showed that there was no great retention of sodium. Our own data 
show that except for the retention of small amounts of chloride during the 
first fmv da 3 's of the treatment, the dogs may be kept for several months 
on 2 mgm. of DCA per da 3 ' with no significant change in the chloride out- 
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put. The most striking changes that have been obtained by us during 
the height of the Dl-like syndrome from DCA have been a, the consistently 
low specific gravit 5 ’- of the urine even after marked water deprivation; 
b, the more rapid excretion of a water load given by mouth; c, the acceler- 
ated excretion of saline; and d, the diminished effectiveness of pitressin. 
These facts, in conjunction with the data obtained during water restric- 
tion, are taken to mean that the Dl-like syndrome induced by the daily 
injections of DCA is primarily a disturbance in water metabolism. 

Diabetes insipidus produced by operative procedures and the syndrome 
induced by DCA, resemble each other in manj*^ respects. As in DI (8), 
so in the DCA syndrome, the symptoms are aggravated bj’’ increasing the 
salt intake. Indeed, in one of our experiments in which the water intake 
had been increased to 2,000 cc. per day by means of 4 mgm. of DCA and 
4 grams of salt, removal of the salt from the diet resulted in a virtual “cure” 
of the DI condition. During fluid restriction, changes in body weight, 
urine volume and urine specific gravity, comparable to those seen in our 
dogs, have been observed in dogs with DI by Bellows and Van Wagenen 
(1938), in DI cats by Fisher, Ingram and Hanson (1938) and in rats with 
DI by Swann (1939b). Finally, qualitatively similar effects upon water 
intake, urine volume, urine specific gravity and the concentration of 
urinary chloride have been produced by pitressin in the polydipsia and 
polyuria from both DI and DCA. 

It has been our working hypothesis that DI is an imbalance between the 
anti-diuretic activities of the posterior pituitary and the adjacent brain 
tissue and the diuretic activities of the adrenal cortical hormones. In 
operative DI the adrenal cortical hormones act without any opposition 
from the antagonist. In the experiments here recorded, the posterior 
pituitary is intact since these are normal animals, yet the syndrome of 
polydipsia and polyuria which has been produced by small doses of DCA 
has occurred despite the presence of the antagonist. Consequently, 
quantitative differences between operative DI and the Dl-like syndrome 
produced by DCA should not be construed as against this hypothesis. 

SUMMARY 

A syndrome of polydipsia and polyuria was produced in 5 normal female 
dogs by the daily injection of desoxy corticosterone acetate (DCA) in doses 
of 2 and 4 mgm. The period of hormone injections varied from 12 to 180 
days in different dogs and was well tolerated except f or the increased fluid 
exchange. 

1. DCA caused an initial increase in the water intake. This was at- 
tended by a gain in body weight, a reduction in urine chloride excretion 
and a fall in the cell volume and hemoglobin concentration of the blood. 

2. After a short period of water retention there was an increase in the 
volume and a decrease in the specific gravity of the urine. 
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3. The speed of onset and the intensity of the syndrome were roughly 
proportional to the dose of DCA. and the amount of sodium chloride in 
the diet. The interdependence of sodium chloride and DCA was demon- 
-strated by the amelioration of the severe degree of polydipsia and polyuria 
•after the withdrawal of salt from the diet (2 to 4 grams). 

4. When the DCA polydipsia and polyuria rvere well established, w^ater 
•deprivation failed to elevate the urine specific gravity to normal levels. 
Water restriction decreased the polyuria but led to thirst and signs of tissue 
dehydration in the absence of significant hemoconcentration. 

5. Water administered by stomach tube was eliminated more rapidly 
than normally but in no greater amount. The accelerated diuretic response 
was present whether the syndrome was mild or severe. 

6. One per cent saline administered by stomach tube ivas eliminated 
more rapidly and in greater quantity than in normal dogs but the maximum 
•chloride concentration in the urine after one per cent saline was low^er than 
in the controls. 

7. Pitressin was less effective in inhibiting water diuresis in 2 of 3 poty- 
uric dogs than in the same animals before DCA w'as administered. After 
pitressin the urine chloride concentration in the DCA dogs remained below 
the levels obtained in the controls. 

8. Large doses of pitressin in oil reduced the neater intake and the urine 
volume and raised the specific gravity and chloride concentration of the 
urine. 

9. The prolonged use of 2 to 4 mgm. of DCA per da}”- did not result in 
muscular -weakness or other manifestations of toxicity. Upon discon- 
tinuance of the DCA injections the w’ater exchange promptly returned to 
normal. 

From the foregoing observations it is concluded that the syndrome of 
polydipsia and polyuria which had been produced by small doses of DCA 
in dogs is essentially a disturbance in ivater metabolism and resembles the 
diabetes insipidus (DI) syndrome which follo-n’s operations upon the hypo- 
thalamo-hs^pophyseal system. We believe that both conditions are due 
to an imbalance beUveen the physiological activity of the adrenocortical 
and the posterior pituitarj'- hormones. In operative DI the adrenocortical 
hormones act unopposed by any secretion from the posterior pituitary, 
while after DCA administration there is only a relative preponderance of 
the DCA activity, the end result in each instance being a diabetes insipidus- 
like syndrome. 
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The data reported by Shannon (1, 2) in 1936 and 1938 indicate that the 
reabsorption of urea in the dog kidney is not an active tubular process 
but is due entirely to physical diffusion, concurrently vnth water reabsorp- 
tion. However, in 1932 Clarke and Smith (3) reported that the elas- 
mobranch tubule reabsorbs almost all of the urea that is filtered at the 
glomeruli, whereas thiourea is only slightly reabsorbed. If tubular reab- 
sorption of urea in the dog kidney should be in part by means of an active 
process specific for urea, this might be demonstrated if the reabsorption 
of a substituted urea were found to be less than that of urea. 

There are probably other compounds which are passively reabsorbed 
in the tubules of the dog kidney. In 1937 Marshall, Emerson and Cutting 
(4) reported that the sulfanilamide clearance in the dog is increased by 
increased rate of urine flow, but is independent of the concentration of 
sulfanilamide in the plasma, which facts indicate that sulfanilamide is 
passively reabsorbed in the tubules by physical diffusion. But the sulfa- 
nilamide clearance was found to be only about fifty per cent of the simul- 
taneous urea clearance. This might be due to a difference between the 
physical properties of sulfanilamide and urea. 

This paper is a report of a study of the tubular reabsorption of urea 
and certain substituted urea compounds, and of sulfanilamide, in which 
the factors of rate of water reabsorption and of molecular structure and 
solubility are given consideration. 

Expekimental procedure. Female dogs were used after the}'' had 
been trained to lie quietly while the renal plasma clearance of thiourea, 
or of methylthiourea, phenylthiourea, or s-dieth 3 dthiourea ,2 was deter- 
mined with the simultaneous urea and creatinine clearances, and sometimes 
with the simultaneous sulfanilamide clearance, at various rates of decreas- 
ing or slowly increasing urine flow. In some experiments these clearances 

» This study received financial support by grants from the Wisconsin Alumni 
Research Foundation. 

The thiourea, methylthiourea, phenylthiourea and s-diethylthiourea were ob- 
tained from the Eastman Kodak Company, Rochester, New York. 
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were detennined when the rate of urine flow was forced to increase rapidly. 
Diuresis was caused by water given orally or by the intravenous infusion 
of sterile isotonic salt solutions. A rapid acceleration of the rate of urine 
flow was caused by intravenous infusion of sterile 10 per cent glucose or 
18 per cent sucrose solution, 30 cc. per minute for twenty to forty minutes. 
Urea and also enough creatinine for a plasma creatinine concentration of 
10 to 40 mgm. per cent were given orally or intravenously in sterile solu- 
tion. Thiourea, methylthiourea, or s-diethylthiourea were dissolved in 
sterile water of 60 to 70°C. temperature, and phenjdthiourea was dissolved 
in sterile water of 25 to 35°C. temperature, to avoid decomposition of the 
solute. For sulfanilamide clearances, one gram was dissolved in about 
200 cc. of sterile isotonic saline and the solution injected intravenously. 
Solutions of thiourea or derivatives of thiourea could not be given orally 
because they would be regurgitated. Urine was collected b}’’ catheter 
and the bladder was washed twice with 20 cc. of warm, sterile, 1 per cent 
sodium chloride solution at the end of each collection period. No preserva- 
tive was added to the portion of each urine to be analyzed for thiourea or 
the derivative of thiourea which it contained, but toluene was mixed with 
the remaining portion of each urine to be analyzed for other substances. 
In the middle of each urine collection period, 12 to 14 cc. of blood were 
draum from a femoral arterj’’ or vein by sjuinge, oxalated and centrifuged. 
The per cent of any constituent of the glomerular filtrate which was reab- 
sorbed in the tubules was calculated by considering the creatinine clearance 
to be the volume of glomerular fitrate formed in the dog (5). 

Creatinine was determined by adaptation of the alkaline picrate colori- 
metric method (6) to the Evelyn Photoelectric Colorimeter (7) in diluted 
samples of urine and in the filtrate obtained from 1 cc. of each plasma 
sample, after the plasma proteins had been precipitated by means of the 
acid cadmium sulfate method of Miller and Van Slyke (8). Duplicate 
analyses were made with the following procedure; 

Four cubic centimeters of a solution containing between 1.600 and 0.080 mgm. per 
cent creatinine are pipetted into a dry photoelectric colorimeter tube. Into another 
such tube is put 4 cc. of water, to be used as a blank. With each is mixed 2 cc. of 
alkaline picrate reagent. After fifteen minutes, the galvanometer is made to read 
100 with the tube of blank in the colorimeter, using the no. 520 light filter and the 
no. 6 diaphragm. Then the blank is replaced by the tube of unknown and the gal- 
vanometer reading is recorded. From a table of known concentrations of creatinine 
and the corresponding galvanometer readings the concentration of creatinine in the 
unknown is found. 

Urea was determined in urine by the manometric urease method (9) 
of Van Slyke. Urea was determined in 2 or 3 cc. of each plasma sample 
by the aeration-titration urease method (10) of Van Slj’^ke and Cullen. 
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Sulfanilamide was determined colorimetrically hy the method of Bratton 
and Marshall (11). 

A method Jot the analysis oj thiourea and derivatives of thiourea. The 
methods desciibed in the literature for the quantitative analysis of these 
thiourea compounds were found unsatisfactorj’’. Therefore a new method 
was developed which depends upon the color that is produced by the reac- 
tion of Grote’s reagent (12) with the thiocarbonyl group. This reagent 
was made as follows the same day it was used: 

In a 50 cc. beaker 0.5 gram of sodium nitroferricyanide is dissolved in 10 cc. of 
water at room temperature. To this is added 0.5 gram of hydro.vylamine hydro- 
chloride, which is allowed to dissolvfi at room temperature. One gram of finely 
powdered sodium bicarbonate is added to the solution and the beaker is covered with 
a small watch glass. After evolution of gas has ceased, 0.1 to 0.11 cc. of bromine is 
added to the solution and the beaker is covered with the watch glass. After evolu- 
tion of gas has ceased again, the solution is poured into a small flask- and gentb' 


TABLE 1 

The colorimetric determination of thiourea and derivatives of thiourea 


COMPOtIND 

1 

RA.KGE 

FILTER 

NUMBER 

EQUATION OF BELATIONSHIP (C = MOSI. 

PER CENT OP compound) 

Thiourea 

mgm, 
per cent 

2-12 

580 

C = 44.486 -■ 

(22.831 log G) 

Mcthylthiourea 

2-13 

600 

C = 45.763 - 

(23.320 log G) 

Phenyl thiourea 

5-25 

620 

C = 89.117 - 

(45.028 log G) 

s-Diethyl thiourea 

2-16 

600 

C = 61.783 - 

(31.694 log G) 


aerated to remove the excess bromine. Then the solution is filtered into a 25 cc. 
volumetric flask and diluted to volume. The Grote’s reagent should be a clear 
mahogany brown. It is diluted to one-fifth strength for color development with 
thiourea or a derivative of thiourea. The one-fifth strength Grote’s reagent should 
not be cloudy, but should have a clear, honey-yellow color. Cloudiness means that 
insufficient bromine was added, and the reagent null react too slowly and be red in 
color if too much bromine was added. 


After considerable e.\perimentation a reliable method was discovered 
for the quantitative determination of thiourea or a derivative of thiourea in 
urine or plasma, which is as follows: 


One cubic centimeter of a solution of thiourea or of a derivative of thiourea within 
the proper range of concentration (see table 1), is pipetted into the bottom of a dry 
photoelectric colorimeter tube, and to it is added 1 cc. of one-fifth strength Grote’s 
roagenri The solutions are mi.xed by gentle rotation of the fluid and allowed to stand 
sixty minutes. The colored solution is then diluted to 12 cc. with 10 cc. of 1 per cent 
sodium chlonde solution, with immediate mixing by vigorous rotation of the fluid 
In fifteen minutes the galvanometer is made to read 100 with a tube of blank in the 
photoelectric colonmeter, using the proper light filter (see table 1) and the no 6 










116 HBNRT J. NICHOLES AND RAYJlIOND C. HEREIN 

diaphragm. If urine or diluted urine is being analyzed, the blank is 12 cc. of water.. 
If blood plasma or plasma diluted with saline is being analyzed, the blank is made- 
from 1 cc. of the plasma or diluted plasma and 11 cc. of 1 per cent sodium chloride- 
solution (hemolysis is avoided as much as possible). Then the blank is replaced by 
the tube containing the unknown and the galvanometer reading is recorded. The 
concentration of thiourea or of the derivative of thiourea in the unknown is found 
by use of a table of known concentrations and the corresponding galvanometer- 
readings, calculated from an experimentally determined equation of relationship 
(see table 1). 

By means of a photoelectric spectrometer® the region of maximum light, 
absorption by the colored solution from Grote's reagent and thiourea was- 
identified. * 

Creatinine in concentrations above 40 mgm. per cent in the 1 cc. of sample- 
was found to interfere somewhat with the reaction between Grote’s rea- 
gent and thiourea or a derivative of thiourea, causing the galvanometer 

TABLE 2 


Approximate galvanometer corrections because of creatinine 



CREATININE IN SAMPLE (MGU. PER CENT) 

GALVANOMETEn BEAD- ' 
IKG OB8EBVED 

60 

100 

leo 

200 

260 

1 

Amoimt to be subtracted to correct the reading 

25.0 

-1.0 

-2.25 

-3.5 

-4.75 


35.0 

-1.5 

-2.75 

-4.0 

-5.25 

-6.6 

45.0 

-2.0 

-3.25 

-4.5 

-5.75 


55.0 

-2.5 

-3.75 

-5.0 

-6.25 

I -7.5 

65.0 

-2.75 

-4.0 

-5.25 

-6.5 

-7.75 

76.0 

-3.0 

-4.25 

-5.6 

-6.75 



reading to be a little too high. Therefore the corrections given in table- 
2 were determined by experiment and interpolation. 

The solubilities of the thiocarbonyl compounds and of sulfanilamide in 
winter and in ether saturated with water were determined by allowing warm 
saturated solutions of these substances, with undissolved material present, 
to cool to the room temperature of 24^0. The saturated solutions were- 
then analj^zed. The results are in table 3. 

Experiments were performed to determine whether or not the thiocar- 
bonjd compounds are metabolized by the dog after they are injected intra- 
venously. In each experiment a known quantity of the thiocarbonyl 
compound in sterile solution was injected intravenous^L After about- 
one hour the plasma concentration of the compound and the quantity 
which had been excreted in the urine were determined. The calculated 

’ Through the courtesy of Dr. V. W. Meloche of the Department of Chemistrjv 
University of Wisconsin, use of this apparatus was obtained. 
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remainder divided bj’’ tbe plasma concentration gave a figure "whicb migbt 
have been the volume of body water in which the compound was evenly 
distributed. Collection of the urine was continued for two or three hours 
longer and the plasma concentration and quantity of the compound which 
had been excreted in the urine were determined. The calculated remainder 
divided by the plasma concentration gave nearly the same figure as had 
been obtained from the previous data, which indicated that the compound 
had not been metabolized during the experiment. The thiocarbonjd 
compounds seem not to be metabolized in the dog during three or four 
hours after intravenous injection of them. 

Results. Some of these thiocarbonyl compounds produced certain 
pharmacological effects in the dogs. The intravenous infusion of an iso- 
tonic solution containing phenylthiourea caused repeated vomiting and 

TABLE 3 


Pro'perties and renal excretion of urea, thiourea and derivatives of thiourea, 

and sulfanilamide 


SOLUTE 

TUBULAR RE- 
ABSORPTION OF 

CLEARANCE 

RATIO 

SOLUTE 

i UREA 

SOLUBILITIES 
(MILLIMOL8 PER LITER) 

RATIO OF 

1 SOLUBILITIES 

FILTERED 

SOLUTE 

In water 
(24'C.) 

In ether 
(24°C.) 

j water/stheb 

Urea 

Thiourea 

per cent 

18-60 
2(1-59 ' 

Mean = 

18,833 

2,217 

2.35 

19 

bI 

Methylthiourea 

29-87 

1.007 

0.88-0.39 

1,982 

40 

49/1 

Sulfanilamide 

34^61 

0.88-0.50 

61.6 

12.3 

5/1 

Phenylthiourea 

28-93 

0.79-0.15 

21.7 

31 

1/1.4 

s-Diethyl thiourea 

61-99 

0-48-0.02 

326 

847 

1/2.6 


retching in a dog, followed by its death witliin twenty-four hours. In 
later experiments the infusion was discontinued as soon as the dog vomited 
once. Thereafter, only one more death occurred from phenylthiourea 
poisoning and no deaths were caused by the intravenous injection of any 
of the other compounds used, hlethjdthiourea caused vomiting when 
the plasma concentration exceeded 70 mgm. per cent. iS-diethjdthiourea 
caused vomiting when the plasma concentration was greater than 15 mgm. 
per cent. Phenylthiourea caused vomiting when the plasma concentration 
was 4 mgm. per cent or more. 

The clearances and the tubular reabsorption of urea, thiourea and the 
derivatives of thiourea were found to be independent of the plasma con- 
centrations of the respective solutes within the ranges obtained which 
were as follows: For urea, 40 to 410 mgm. per cent; for thiourea 15 to 
14o mgm. per cent; for methylthiourea, 15 to 110 mgm. per cent; for phenyl- 
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thiourea, 4 to 10 mgm. per cent; for s-diethylthiourea, 12 to 26 mgm. 
per cent. 

The per cent of water reabsorbed in the tubules was found to have a 
pronounced effect upon the percentages of thiourea and the derivatives of 
thiourea reabsorbed. The finding of Shannon (1) that the urea clearance 
is affected bj’’ a change in the rate of urine flow and the finding of Marshall, 
Emerson and Cutting (4) that the sulfanilamide clearance is similarly 
affected, were verified. T\Tien the per cent of water reabsorbed was low, 
and the urine flow consequently high, the percentages of these solutes 
reabsorbed were low and their clearances, consequent^, high. On the 
other hand, when the per cent of water reabsorbed was high, the percentages 
of these solutes reabsorbed were high and their clearances, consequently, 

PER. can: reabsorbed op SOUnE PltTEREO at GWBERUt.r 


20 so 40 50 60 70 80 90 100 



Fig. 1. The tubular reabsorption of thiourea and derivatives of thiourea when 
the rate of urine flow is decreasing or only slightly increasing. 

low. In figure 1 the percentages of the thiocarbonyl compounds and of 
sulfanilamide reabsorbed in the tubules are plotted against the percentages 
of water reabsorbed, when the rate of urine flow is decreasing or only slowl}’’ 
increasing. The diagonal line W is the line upon which all points would 
fall, theoretically, for a substance in the glomerular filtrate, the percentage 
reabsorbed of which would always equal the percentage reabsorbed of the 
tubular water, ^-diethylthiourea is reabsorbed very nearly like such a 
theoretical substance. There is a striking rectilinear increase in the per- 
centages reabsorbed of both s-diethylthioui'ea and phenjd thiourea as the 
per cent of water reabsorbed inci’eases. Small solid black circles connected 
by a line represent observations from a single experiment with phenyl- 
thiourea upon the dog whose initial is printed nearb 3 ^ Two different 
experiments upon the same dog C are marked, respective!}’-, by Ci and C 2 . 

The percentages of thiourea and urea reabsorbed were found to be ver}’ 


per. CEBT REABSORBED OF FILTERED WATER. 
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nearly the same during the same interval of time. The arithmetical rnean 
of fifty-four ratios of the thiourea clearance to the urea clearance in periods 
with decreasmg or slowly increasing rates of urine flow was found to be 
1.007, or nearly unity. The distribution of these clearance ratios about 
the arithmetical mean was found to be that distribution which would be 
expected when the deviations from the mean are due to experimental eri'or. 
Two-thirds of the clearance ratios were between the limits of 0.926 and 
1.088. 

The per cent of each derivative of thiourea reabsorbed was always 
greater than the per cent of urea reabsorbed during the same period, and, 
consequently, the clearance of each derivative of thiourea was alwa 3 '^s less 
than the simultaneous urea clearance, as shown bj’’ the clearance ratios in 
table 3. The simultaneous sulfanilamide and methylthiourea clearances 
were found to be very nearly equal. At usual low post-absorptive rates 
of urine flow the methylthiourea clearance was found to be about 50 per 
cent, the phenylthiourea clearance about 20 per cent, and the s-diethyl- 
thiourea clearance about 3 per cent of the simultaneous urea clearance. 
The ranges of the ratios of these clearances to the simultaneous urea clear- 
ance during decreasing or slowlj'^ increasing rate of urine flow are given 
in table 3. 

Shannon (1) studied the striking exaltation of the urea clearance which 
is evoked by an acceleration of the rate of urine flow and reported that the 
urea clearance often began to decrease from the maximum value attained, 
even though the rate of urine flow continued to increase for a short time. 
In our investigations, this phenomenon was found to be most pronounced 
during a massive infusion of 10 per cent glucose or 18 per cent sucrose solu- 
tion. The phenomenon was found to occur later with thiourea than with 
urea, i.e., the ratio of the simultaneous urea and creatinine clearances was 
observed to reach a maximum value and then to fall, before the ratio of the 
simultaneous thiourea and creatinine clearances reached a maximum value. 
This exaltation phenomenon has not been observed at all vdth the deriva- 
tives of thiourea or with sulfanilamide. With these latter compounds 
the curve obtained while the rate of urine flow increased was found to 
coincide, approximated", with the curve obtained while the rate of urine 
flow decreased, although in every one of these experiments a pronounced 
exaltation of the urea clearance was observed while the urine flow rapidly 
increased. In figure 2 the data from a representative experiment with 
urea and thiourea are plotted and also the data for each of the three deriva- 
tives of thiourea from respective representative experiments. 

Discussion. The belief that there is no active process of tubular re- 
absorption of urea is supported by the fact that during decreasing or 
slowly increasing urine flow the reabsorption of thiourea is approximately 
the same as that of urea, and furthermore, by the fact that the per cent 
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of each derivative of thiourea reabsorbed is greater than the per cent of 
urea reabsorbed during the same period. One might expect that if urea 
were reabsorbed in part bj^' an active tubular process, characteristically 
specific for urea, the greater the modification of its chemical structure 
the less would be its reabsorption. 

Thiourea, methylthiourea, phenylthiourea and s-diethylthiourea seem 
to be reabsorbed in the tubules by physical diffusion and not bj’’ active 
tubular reabsorption. Hence the mechanism of renal excretion of thiourea 
and derivatives of thiourea seems to be similar to the mechanism of renal 

PER CENT REABSORBED OF SOLUTE nLTERED AT GLOHERJJU 



Fig. 2. The effect of rapid acceleration of the rate of urine flow upon the renal 
excretion of urea, thiourea, and derivatives of thiourea. 

excretion of urea (1, 2) and of sulfanilamide (4). These compounds seem 
to be filtered at the glomerulus and passively reabsorbed in part, con- 
currentty -with the reabsorption of water. 

A direct relationship between molecular structure and the per cent 
reabsorbed of urea, thiourea and the derivatives of thiourea, and of sulf- 
anilamide was found in these experiments. Thiourea and urea, of which 
the same per cent is reabsorbed during decreasing or slowb'- increasing 
rate of urine flow, have two unsubstituted amino groups per molecule. 
The fact that the per cent of phenylthiourea reabsorbed at low urine 
flows is greater than the per cent of methjdthiourea i-eabsorbed seems to 


CENT REABSORBED OF FILTERED 


RENAL XUBELAR KEABSOEPTION OF EREA, THIOUREA, ETC. 


be due to the fact that the phenyl radicle is larger than the method radicle. 
Like methylthiourea and phenylthiourea, sulfanilamide has oidy one un- 
substituted amino group per molecule (although sulfanilamide has an 
unsubstituted amide group as well, with, it seems, properties quite different 
from those of the amino group), which seems to make possible a percentage 
of reabsorption which is greater than that of urea. It is striking that 
s-diethylthiourea, which has neither of its amino groups unsubstituted, 
has the greatest percentage of reabsorption. 

It seems that the tubular epithelium has a boundary which resists the 
diffusion of molecules with free amino groups through it. The nature of 
this boundary seems to be lipoid, because a comparison of the solubilities 
of these compounds in water, and in ether saturated with water, with their 
molecular structures indicates that the unsubstituted amino groups con- 
tribute to the relative water-soluble, ether-insoluble nature of the com- 
pounds. This gives support to the belief that the more water-soluble and 
lipoid-insoluble a constituent of the glomerular filtrate is, the lower will 
be the percentage of its passive tubular reabsorption. This may explain 
why Pitts (13) found the hexamethenamine clearance in the dog to be, 
like the clearance of urea, unaffected by the drug phlorizin and independent 
of the plasma concentration of hexamethenamine, but greater than the 
urea clearance and less than the glomerular filtration. Apparently, hexa- 
methenamine has a very low, but definite, percentage of reabsorption at 
ordinary low urine flows in the dog, due, perhaps, to the fact that the 
compound is only veiy slightly lipoid (ether) soluble, but quite soluble in 
water (14). 

The exaltation of the urea and thiourea clearances, which occurs when 
the rate of urine flow is accelerated, is a phenomenon which seems to be 
related to the relative water-solubilities of these compounds, because it 
occurs earlier with the most water-soluble of the two compounds and not 
at all with the derivatives of thiourea, which are less water-soluble than 
thiourea. This transitory exaltation of the clearance is tentatively ex- 
plained as follows: The sudden decrease in water reabsorption that follows 
forced diuresis may almost stop the diffusion of the molecules of urea in 
the tubule wall next to the lumen. The increase in flow of the tubular 
fluid may then literally wash these molecules out of the wall because thej' 
are so soluble in water, thereby adding them to the molecules which have 
been more recently filtered at the glomerulus, thus effecting a marked 
increase in the clearance. The clearance falls from the maximum eleva- 
tion, even though the urine flow still increases, when the tubule wall has 
been washed quite free of urea, so that the urea filtered at the glomerulus 
is no longer augmented by that washed from the tubule wall. The tran- 
sient exaltation of the thiourea clearance dming forced diuresis may be 
similarly explained, except that the tubule wall seems to be washed free 
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of thiourea later than it is washed free of urea, because thiourea is not as 
water-soluble as is urea; therefore, the maximum thiourea clearance occurs 
later than the maximum urea clearance. 

SUMMARY 

The renal plasma clearance of each of the following compounds, thiourea, 
methylthiourea, phenjdthiourea or s-diethylthiourea, was determined with 
the simultaneous urea and creatinine clearances. The per cent of water 
which was reabsorbed in the tubules was found to have a pronounced 
effect upon the percentages of urea, thiourea and the derivatives of thiourea 
which were reabsorbed. From low to high percentages of water reab- 
sorbed, 61 to 99 per cent of the s-diethylthiourea, 28 to 93 per cent of the 
phenylthiourea, 29 to 87 per cent of the methylthiourea, 20 to 59 per cent 
of the thiourea, and 18 to 60 per cent of the urea filtered at the glomeruli 
were reabsorbed. The striking exaltation of the clearance, evoked hy an 
acceleration of the rate of urine flow, was found to occur later with thiourea 
than vdth urea, but has not been observed at all with the derivatives of 
thiourea. 

The percentages of thiourea and urea reabsorbed are approximately 
the same during decreasing or slowly increasing rate of urine flow. The 
per cent of each derivative of thiourea reabsorbed is always' less than the 
per cent of urea reabsorbed during the same interval of time, and at normal, 
low rates of urine flow the methylthiourea clearance is about 50 per cent, 
the phenylthiourea clearance is about 20 per cent, and the s-diethylthiourea 
clearance is about 3 per cent of the simultaneous urea clearance. The 
reabsorption of thiourea and of each of its derivatives was found to be 
independent of the plasma concentration obtained of each substance, 
respective!}'’, in these experiments. 

The relative magnitudes of the percentages of thiourea and the deriva- 
tives of thiourea reabsorbed directly correspond to the chemical structures 
of the molecules, ■nuth reference to the substituted and unsubstituted amino 
groups, and seem to be related to the ratios of water-solubilitj' to ether- 
solubility of the compounds. 
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Since persistent arterial hypertension has been studied intensive^, a 
large number of substances have been suggested as possible chemical 
mediators for this disorder. However, none of these has been generally 
accepted as an etiologic factor in clinical hypertension and no crucial 
evidence has as 5’^et been advanced to indicate the relationship between 
the increased arterial pressure and the various suggested agents. 

Although a protein-like substance extracted from kidneys, renin, was 
suggested (1) as a mediator responsible for the regulation of the blood 
pressure long ago, the characteristics of this agent have onlj’- recently been 
vigorouslj’’ reinvestigated. Improvements in the methods of extraction 
(2, 3, 4) with removal of depressor materials which were responsible for 
much of the controversy’’ in the earlier literature have led to a fuller under- 
standing of the nature of this substance. 

The close relationship between the kidney and hypertension, reem- 
phasized by the recent development of a satisfactory method for the pro- 
duction of persistent arterial hypertension by means of partial occlusion 
of the renal artery (5) has further increased the interest in renin. This 
method has also been useful in affording an opportunity’ to study’ by indi- 
rect means some of the properties of the chemical mediator of renal hyper- 
tension. 

Since we have found that the chemical mediator of hy’pertension is 
destroy’ed at a rapid rate only’ by’ the renal metabolic processes, it would be 
expected that a substance proposed as a likely’ etiologic agent in hy’per- 
tension should have an exalted pressor response in the totally’ nephrecto- 
mized animal. We have undertaken to determine whether or not this 
potentiation occurs in the dog injected 'with renin. 

Blood pressures were determined with the Hamilton manometer (6) on 
the trained unanesthetized dog, according to the method previously’ de- 
scribed (7). Only when the diastolic blood pressure varied less than plus 
or minus 5 mm. Hg on several successive readings was the animal subjected 

* Aided by the A. D. Nast Fund for Cardiac Research and a grant from Eli Lilly 
and Company. 
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to the experimental regime. With the dog Ijdng quietly on its side, the 
needle of the manometer was inserted into the femoral artery, and the 
c 5 ''clic variations recorded optically on photosensitized paper. A small 
amount of heparin (Liquemin-) was added to the citrate to help prevent 
clotting and allow a prolonged record to be taken. After two minutes of 
control readings, the sample of renin was injected over ten to fifteen seconds 
into the basilic vein. Blood pressures were recorded at intervals of 15 
to 60 minutes until the pressor effect was dissipated. Benin was prepared 
according to the methods of Helmer and Page (3)® and Landis, Jeffers 
and Shiels (4). 

Total nephrectomies were performed using ether anesthesia in order to 
ensure adequate elimination of the anesthetic agent. Atropine was used 
in some instances to prevent sahvation which occurs with ether anesthesia. 
Aseptic technique was used throughout. Injections of renin or angiotonin 
were made at intervals of 24 hours until the animal succumbed in uremia 
or was sacrificed. 

The intensity of response was measured in terms of the difference be- 
tween the maximal systolic and diastolic pressures and the preinjection 
control levels. The duration of the response was measured in terms of 
the time necessary for the diastolic pressure to return to the control level. 

Renin. The effect of renin was tested in 13 experiments. Adthough the 
same dog received aliquot portions of the same renin solution each day, 
equivalent doses were not used on different animals. The doses ranged 
from 0.04 cc. to 1 cc. The maximal response was attained in 2 to 3 min- 
utes after the injection and the effect was usually dissipated in 1 to 3 hours. 

a. Effect of daily injections of renin into the intact animal. Renin was 
injected at 24 hour intervals into 3 dogs for 2, 3 and 3 days respectively. 
In dog 1 the maximal responses were identical on both da 3 "S. The blood 
pressures began to fall at similar rates on both days, but after the second 
injection the pressure had remained above the control level. In dog 2 
no change in the intensity of response was seen, on the three successive 
daj^s, but the duration increased somewhat vith each successive injection. 
In dog 3 the response was identical in intensity and duration on the three 
successive daj'S. 

b. The effect of a single injection of renin before and after nephrectomy. 
In five dogs (4, 5, 6, 7 and 8) intensity and duration of response to renin 
injection was identical before and after nephrectomy. The maximal 
blood pressure increase in these animals was 45/45 mm. Hg in three dogs 
70/70 in one and 60/90 in one. All these animals received injections on 

= \Vc are grateful to Rochc-Organon, Inc. for supplies of Liquaemin. 

e wish to thank Dr. I. H. Page for the generous supplies of renin and angio- 
tonin used in this study. 
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the day preceding and following the nephrectomj'-. One was tested also 
on the second day and one on the second and fourth days. 

In two other dogs ■with distemper (9 and 10) renin injection 24 hours 
after nephrectomj’- gave an increased response in both intensity and dura- 
tion. However, in these animals the basal blood pressure on the first da}’’ 
folio-wing nephrectomy had fallen close to shock level. The renin injection 
which was adequate to provoke only a small response before the operation 
now raised the blood pressure to the original normotensive levels. The 
rate of drop of the blood pressure was approximately the same as in other 
animals with post-operative normal blood pressure levels. 

The injection of renin into one other dog (11) vith distemper gave rise 
to similar blood pressure changes before and after nephrectomy. 90 
minutes after the post-nephrectomy injection this animal went into shock, 
the blood pressure fell to 95/50 mm. Hg and was maintained at this level 
until the animal died several hours later. 

Two dogs (1, 2) previously used for control injections were again injected 
■with renin for three da5'^s just prior to nephrectom 5 ^ After the operation, 
similar quantities were injected on the first and second post-operative 
days in both and also in the fourth day in one. The response is illustrated 
in table 1. • 

In dog 1 the intensity of response on renin injection showed a consider- 
able progressive increase, viz., 30/45, 76/70 and 110/95 mm. Hg, above 
the control level on the three pre-operative days. The duration of the 
response also increased from 150 to 245 to 270 plus minutes on the suc- 
cessive days. After nephrectomy the intensity of response was of the 
order of the two da 3 '^s previous to the nephrectomy, while the duration 
was increased further be 5 ’’ond that pre-operatively (table 1). 

Our results, indicate that total nephrectomy did not significantly in- 
crease the response to renin in most of our dogs. A mildly increased 
response to renin injection may occur in some dogs if the injections are 
made dail}'-, whether the kidneys are present or not; in other dogs no such 
increase in response is seen. 

In the first report on renin (1) it was stated that nephrectomized rabbits 
gave a much greater response in intensity and dui'ation than did normal 
rabbits. Merrill, Williams and Harrison (9) found that clamping the 
renal pedicle of rats did not immediatel}’’ affect the response, but after 
two or three days an increased response was seen, and Freedman (10) 
confirmed these findings in the unanesthetized rat. This increased 
response was believed to be due to the e.xhaustion of a depressor material 
normall}’- manufactured by the kidne 3 ^ In dogs, Hessel (2) found no 
difference in response after nephrectomy, Wakerlin and Chobot (11) 
found a potentiated response one to three hours after nephrectom}' and 
Page and Helmer (8) found no significant change in the early hours after 
nephrectom}^ while an increase in response was seen after 24 to 48 hours . 



TABLE 1 

Effect of nephrectomy on the blood pressure response to intravenously injeeted. 
renin in typical experiments 


DOG 

NO. 




PRENEPHRECTOMT 



P03TNEPHBECTOMT 

DAY 

Control 
blood 
pressure, 
mm. Hg 

Peak blood 
pressure, 
mm. Hg 

Levels of blood 
pressure at vari- 
ous times after 
renin injection, 
mm. Hg 

Control 
blood 
pressure, 
mm. Hg 

Peak blood 
pressure, 
mm. Hg 

Levels of blood 
pressure at vari- 
ous timra after 
renin injection, 
mm. Hg 


Sys. 

Dias. 

Sys. 

Dias. 

Min. 

Sys. 

Dias. 

Sys. 

Dias. 

Sys. 
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200 

125 

HH 





95 

200 

■rol 
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Peak blood pressure is the maximum pressure after injection.' 
Sys. is systolic and dias., the diastolic pressure. 
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This discoi'dance in results and interpretation suggests that other factors 
ma}-- be operative. The differences may be due to the different species 
used and the magnitude of change which each worker considers significant. 
Some of the discrepancies may be due to the daity variability in the re- 
sponse of the animals, the effect of anesthesia and the summation of the 
renin effect with the neurogenic I’ise in blood pres.sure which ma 5 '- follow 
in the first few hours after nephrectomj'^ (7). 

Atigiotonin. The first suggestion that another factor dependent upon 
the kidney other than renin might play a role in hypertension was pre- 
sented by Petrowsky (13) who found a thermostable, Berkefeld filterable 
pressor substance in the Ringer-Locke perfusate of kidneys. The pres- 
ence of a non-protein pressor .substance in kidne}’^ autolysates which was 
more heat resistant than renin was reported bj'^ Hartvnch and Hessel (14) 
with the suggestion that this might be the pressor principle of renin. 
Williams and Grossman (15) found an adrenalin-like substance in the 
Ringer’s perfusate of kidneys, especially if these kidneys w'ere allowed to 
autolyze for two hours or more before beginning the perfusion. Using 
the isolated dog tail, Friedman, Abramson and Marx (16) reported that 
renin has no activit 3 '’ on perfusion vnth Ringer’s solution while it is a 
potent vasoconstrictor if perfused wdth blood. 

The significance of these findings became clearer with the almost simul- 
taneous announcements from twm laboratories (17, 18) that the interaction 
of renin mth an activating substance in the blood gave rise to a new heat 
stable pressor material. This substance has been called Angiotonin or 
Hj-’pertensin. 

The possibility that this substance might fulfill the criteria of the chem- 
ical mediator of nephrogenic hj’^pertension bj"^ giving a potentiated response 
in nephrectomized dogs caused us to repeat our experiments with angio- 
tonin. 

Angiotonin was injected on subsequent days into three dogs for 2, 3 and 
3 daj's respective^, without variation in the blood pressure response. 
The maximal rise in pressure w as usualfy attained in 30 to 45 seconds after 
injection and the blood pressure returned to basal levels in 3 to 8 minutes. 

Nine dogs (nos. 14 to 23) received a single control injection short^v 
before nephrectomj^. After operation these animals received daily 
injections of angiotonin for 2, 2, 2, 3, 3, 3, 4, 5 and 5 daj’-s respectivel 3 ^ 
The response was essentiall.y the same in intensit}’^ and duration w’ith that 
seen on the control da 3 ^ 

Three animals received more than one daily injection before the nephrec- 
tomj'. The results on these dogs are summarized below" : 

In dog 24, no change in response w'as noted between the nine pre-opera- 
tive and three post-operative injections (table 2). In dog 25, previously 
uninephrectomized, the duration of the response prior to and after nephrec- 
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tomj'' was identical except on the fourth post-operative day when a rise 
of diastolic pressure of 25 mm. Hg was still evident at the eighth minute. 
After injection of angiotonin on the fifth post-operative day, as the blood 
pressure reached its peak, cardiac slowing leading to asystole set in with a 
rapid fall in blood pressure to zero. After about ten seconds the dog 
became restless, dyspneic, went into opisthotonic rigidity and expired. 


MM HQ 

ABOVE CONTROL 



Fig- 1 Fig. 2 

Fig. 1. The effect of injection of renin into a dog on successive days. Ordinates 
give diastolic blood pressure above control level, abscissa, time in minutes. The 
lines indicated by the marks A-A-A, B-B-B, C-C-C represent the level of the di- 
astolic blood pressure above the control level on the 3rd day, 2nd day and the day 
before nephrectomy, respectively. 1—1—1, 2—2—2 and 4~4~4 represent the same values 
on the first, second and fourth days after nephrectomy, respectively. Discussed 
in text. 

Fig. 2. The effect of injection of angiotonin into a dog on successive days. C-C~C 
1-1-1, 2-2-2 have the same significance as in figure 1. 3-3-3 represents the'third day 
after nephrectomy. Discussed in text. 

Dog 26 leceivcd a dose of angiotonin for two day^s and the pressure changes 
were identical. Right nephrectomy was then perfoimed and the same 
amounts of angiotonin were injected daily for seven more days giving rise 
to essentially the same response. The remaining kidney was then re- 
moved. Daily injections for 2 days again gave the same response. 

_ In our liands, then, total nephrectomy did not significantly affect the 
intensity or duration of the blood pressure response to angiotonin injec- 
tions. There was no increased response as uremia developed. Such an 
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increase would be expected if the blood concentration of a postulated 
inhibitor of renin or angiotonin were decreased, as a result of removal of 

TABLE 2 

Effect of nephrectomy on the Mood pressure response to intravenously injected 
angiotonin showing a typical response 


DOG 

NO. 

DAT 

PHENEPHRECTOMT 


P03TNEPHRECTOMT 

- 

Control 
blood 
pressure, 
mm. Hg 

Peak blood 
pressure, 
mm. Hg 

Bevels ot blood 
pressure at vari- 
ous times after 
angiotonin in- 
jection. mm. Hg 

Control 
blood 
pressure, 
mm. Hg 

Peak bloot 
pressure, 
mm. Hg 

Levels of blood 
pressure at vari- 
ous times after 
angiotonin in- 
jection, mm. Hg 



Sys. 

Dias. 

Sys. 

Dias. 

Min. 

Sys. 

Dias 
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Dias. 
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Control blood pressure is the pressure just previous to the injection. 

Peak blood pressure is the maximal pressure after injection. 

Sys. is systolic and dias., the diastolic pressure. 

their source, the kidne3’^s. The changing basal level of the blood pressure 
sometimes seen from da}”- to daj' in unanesthetized dogs had no effect on 
the rise in blood pressure attendant upon angiotonin injection. 
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It has been reported (17, 18) that an increased response to^ angiotonin 
occurs after nephrectomy and this potentiation has been believed to be 
due to the exhaustion of an anti-angiotonin substance which is produced 
by the kidneys. Inspection of the published data indicates that their 
significance may be equivocal and the changes may be a result of biological 
variation. 


SUMMARY 

The intensity and duration of the blood pressure response to renin is 
essentially the same before and after nephrectomy. In some animals, 
however, the duration of the response is somewhat increased follomng 
nephrectomy. 

Renin has many properties which would suggest that it is closely related 
to the mechanism responsible for arterial hypertension of renal origin. 
Among these are the consistent presence of renin in kidney extracts, the 
reaction of renin with some of the constituents of the blood (renin-activa- 
tor) to produce a new pressor material (angiotonin), and the reduction in 
intensity of response to renin seen in adrenalectomized animals. Never- 
theless it appears that renin has not fulfilled one of the criteria necessary 
for the substance responsible for hypertension, since no consistent poten- 
tiation of the intensity or duration of the blood pressure response occurs 
after nephrectomy. The increase in duration of the response seen in some 
animals after nephrectom}’- is not of the magnitude predicted for the medi- 
ator of hypertension by our previous experiments (12) , 

The similarity in the blood pressure response to angiotonin before and 
after total nephrectomy suggests that the kidney is not responsible for 
the destruction or elimination of this substance. 

I wish to express my gratitude to Dr. L. N. Katz for his advice and 
guidance and my indebtedness to Miss L. Friedberg and Messrs. R. Asher 
and H. Philipsborn for their assistance. 
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Evidence for the existence and concerning some of the properties of 
lipocaic as an internal secretion of the pancreas distinct from insulin has 
been presented in previous publications from this laboratory (1). I^Tiile 
knowledge concerning the function of this substance is still incomplete 
there is considerable evidence indicating that it exerts a definite and 
specific influence on fat metabolism. A profound hj^polipemia and fatty 
infiltration in the liver develop in depancreatized dogs with lipocaic 
deficiency but who receive adequate insulin therapy. The administra- 
tion of lipocaic to such animals elevates the blood lipids to normal and 
clears the liver of fat. At the same time there is evidence that a consider- 
able amount of sugar is made available for metabolism and it seems prob- 
able that this is derived from the large store of fat that leaves the liver. 
During the period of lipocaic deficiency ndien fat is accumulating in the 
liver a progressive decrease in insulin requirement and tolerance develops 
and also a progressive decrease in glucose excretion. This cannot be 
accounted for by decreased intake of food and is more probabl}'- due to an 
interference ndth the overproduction of glucose by the liver as a result of 
the fat deposit. "VN^ien lipocaic is given the excretion of glucose rises 
sharply from a level of 3 to 5 grams to 30 grams or over per 24 hour period 
and the insulin tolerance from less than 5 units daily to 30 or 40. Both of 
these events testifj^ to the appearance of large amounts of glucose in the 
metabolic process without a corresponding increase in intake. The large 
amount of glucose would seem to demand the conversion of fatt}'- acid as 
well as glycerol under the influence of lipocaic. 

It seems to be established that the liver is the chief source of the ketone 
bodies and that the fatty liver forms more ketone bodies than one rich in 
glycogen. Soskin’s excellent critical review (2) indicates that the former 
concept of the ketone bodies as abnormal products of incomplete fat 
oxidation which accumulate in diabetes because of inadequate carbohy- 

J This work lias been aided by grants from the Committee on Research in Endo- 
crinology of the National Research Council, the Douglas Smith Foundation for 
Medical Research of The University of Chicago and the Eli Lilly Company. 
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drate oxidation must yield to the view which regards these substances as 
normal intermediate metabolites which appear during the conversion of 
fatty acid to sugar. Accordingly it appeared to us of considerable im- 
portance to determine the relation, if any, between lipocaic and keto- 
genesis. The concentration of ketone bodies in the blood of depan- 
creatized dogs was determined under the followng conditions: a, depan- 
creatized dogs adequately controlled with both insulin and lipocaic; b, 
depancreatized dogs receiving adequate insulin but no lipocaic; c, depan- 
creatized dogs receiving adequate lipocaic but inadequate insulin; d, 
depancreatized dogs receiving no lipocaic and inadequate insulin, and c, 
depancreatized dogs with fatty livers of lipocaic deficiency adequately 
controlled with insulin and given curative doses of lipocaic. 

Experimental procedure. Data secured from 52 completely depan- 
creatized dogs form the basis for this report. These animals were fed a 


TABLE 1 

Summary of data showing that the changes in hlood ketones are due to insulin and not 

lipocaic 


TREATMENT RECEIVED 

INSULIN 

BLOOD 

KETONES 

URINE SUGAR 
DAILY 


units 

mgm, per 100 cc. 

grams 

12 dogs : adequate insulin ; adequate lipocaic. . 

30 

5.7 

8.0 

5 dogs; adequate insulin; no lipocaic 

22 

3.5 


13 dogs; inadequate insulin; adequate 
lipocaic 

9 

21.0 

25.0 

20 dogs; inadequate insulin; no lipocaic 

8 

14.7 


2 dogs with fatty livers. Then given ade- 
quate insulin and adequate lipocaic 

24 

5.7 

7.0 


diet of bread, milk, ground beef and beef fat, with cod liver oil and brewer’s 
yeast as vitamin supplements. In addition many of them were given 
fresh active dog pancreatic juice in varying amounts (50-200 cc. daily) 
to improve digestion and absorption. This diet has been found to contain 
from 25 to 40 per cent fat. Daily determinations were made of glucose 
excretion for each animal vdth occasional estimations of the blood sugar. 
Regular insulin was used and injections were given twice daily as a rule. 
Ketone bodies were determined by the method of Barnes and Wick (10) 
on blood samples secured usually once a week from each animal. The 
data are summarized in table 1 in which averages are given for the amounts 
of insulin, the level of the blood ketones, and the glucose excretion, for the 
periods of studj”- under each condition. These periods lasted as a rule 
from two to three months except in the last case when determinations were 
made only during the two weeks following lipocaic administration. The 12 
depancreatized animals on adequate insulin and lipocaic therapy received 
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an average of 30 units of regular insulin daily and this limited the glucose 
excretion to an average of 8 grams in 24 hours. The preparation of lipo- 
caic employed was prepared as indicated in previous reports (1) and con- 
sisted essentially of a fat free alkaline alcohol extract of pancreas residue 
remaining after the removal of insulin. The extract was given by mouth 
in amounts found adequate to prevent the development of fatty infiltra- 
tion of the liver and the other manifestations of lipocaic insufficiency (1). 
With this treatment the blood lipids remained udthin the normal range 
and the ketones averaged 5.7 mgm. per 100 cc. In the second group of 5 
animals the glucose excretion was adequately controlled with insulin but 
no lipocaic was given. These animals accordingly developed fatty in- 
filtration of the liver, hypolipemia, and the other signs of lipocaic defi- 
ciency. The blood ketones however remained at a low level indicating 
that hyper-ketonemia is thus not a part of the picture of lipocaic deficiency. 
The third group of 13 depancreatized dogs was given adequate amounts of 
lipocaic but insufficient insulin as indicated by the large excretion of 
glucose in the urine. Under these conditions the average of the blood 
ketones was relatively high being 21.0 mgm. per 100 cc. This suggests 
that insulin exerts a great deal more influence on the level of the blood 
ketones than does lipocaic. PresumabW under the conditions of insulin 
deficiency there occurs an overproduction of ketones in the liver at least 
when the supply of lipocaic is adequate. The data secured on the fourth 
group of 20 animals is especially interesting in this connection. These 
animals were developing the fatty livers of lipocaic deficiency and during 
this period received inadequate amounts of insulin. The level of the blood 
ketones averaged 14.7 mgm. which, while somewhat lower than that of the 
group that received lipocaic, was definitely higher than in the fii’st two 
groups where adequate insulin was given. It is thus necessary to conclude 
that an overproduction of ketones can occur in the diabetic liver with in- 
sulin deficiency even though no lipocaic is available. The somewhat 
lower level may be explained as due to the disturbance in liver function 
as a result of the fattj^ infiltration so that the overproduction of both ke- 
tones and sugar is somewhat interfered with. The last group of 2 depan- 
creatized animals provides final evidence that lipocaic does not significantly 
influence the level of the blood ketones. These animals developed 
markedly fatty livers as a result of lipocaic deprivation. Thej’’ were then 
gi\ en a curative dose of lipocaic and at the same tune adequate insulin 
to control the glucose excretion. The blood ketones remained at the low 
level of 0.7 mgm. per 100 cc. even though the fat was being cleared from 
the liver, the blood lipids were rising to the normal level, and large amounts 
of glucose were being made available. These findings either mean that 
this glucose which appears when Upocaic is given does not come from the 
fatty acids in the liver or that ketones are not normal intermediary metab- 
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elites in this conversion. It is of course possible that the glucose ma}'’ come 
from other sources. The improvement in liver function secured by the 
administration of lipocaic and the disappearance of the excessive accumu- 
lation of fat may permit the liver to resume the overproduction of glucose 
characteristic of the diabetic state. 

CONCLUSIONS 

1. The blood ketones of depancreatized dogs are not increased during 
lipocaic deficiency as is the case during insulin deficienc5^ 

2. The administration of lipocaic does not prevent or cure the hyper- 
ketonemia of insulin deficiency. 

3. The removal of fat from the liver produced by the administration of 
lipocaic is not accompanied b}’' an increase in the blood ketones. 
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Investigations have demonstrated a variety of abnormalities dependent- 
upon inadequate digestion and absorption of fats and proteins in the 
absence of pancreatic enzymes. Boldyrefl (1) and Turcatti (2) noted re- 
duction in coagulability of the blood of animals subjected to partial or 
complete ablation of the pancreas. Ferrari and Cortese (3) corroborated 
this finding and reported a corresponding reduction in the thrombin con- 
tent of the blood. The present studies were designed to investigate a 
possible mechanism of these changes. It has been repeatedl 3 ’' demon- 
strated (4) that any procedure interfering with the absorption of fats or 
reducing the functioning capacity of the liver is followed by a vitamin K 
deficiency and a diminution of the blood prothrombin. It seemed possible- 
that pancreatic achylia might affect clotting of the blood by hindering ab- 
sorption of the fat soluble coagulating vitamin. 

Materials and methods. Animals. Adult male and female cats 
were divided into 3 groups. The first group was subjected to section of 
the pancreatic ducts and complete isolation of the head of the pancreas- 
from the duodenum. In the second group total pancreatectomy, and in 
the third group partial pancreatectomy, were performed. 

The animals whose ducts were sectioned and the control cats were given 
40 grams fresh liver, 5 cc. cod liver oil, a pint of milk and a pint of stew con- 
taining vegetables, rice, meat scraps and fish. The second and third groups 
of animals received the following in single daih"^ feedings: raw lean meat, 
150 grams; raw liver, 40 grams; skimmed milk, 180 grams; glucose, 23- 
grams; sodium chloride, 3 grams; white bread, 25 grams; cod liver oil, 5 cc.; 
rice bran concentrate,^ 2 cc. The state of nutrition and general health of 
the animals were better maintained on the latter regimen. The cats sub- 
jected only to section of the pancreatic ducts required no insulin. Only 2 
cats sun-ived complete pancreatectomy and their insulin requirements 

‘ The rice bran concentrate was kindly furnished by Vi tab Products Inc., Emery- 
ville, California. It contained 50 international units wtamin Bi and 17 Sherman- 
Bouqnin units of vitamin Bo per cubic centimeter. 
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were extremely labile. In a few of the cats partial pancreatectomy pro- 
duced mild diabetes. The largest daily dose of insulin for one of this 
group was 5 units, but glycosuria was occasionally observed. 

Operations. The operations Avere performed aseptically. Anesthesia 
was maintained with nembutal when the ducts Avere sectioned, AAuth open 
drop ether Avhen pancreatectomy AA^as performed. The anatomical rela- 
tions of the pancreas and pancreatic ducts of the cat are AA’^ell described by 
Heuer (5). The main pancreatic duct Avas identified Avith certainty in 7 
cats and cut betAveen silk ligatures. In most of these animals the accessory 
duct Avas also recognized and similarly sectioned, but in all of this group 
the head of the pancreas AA^as completely separated from the duodenum for 
a distance of 1 cm. cephalad and 2 cm. caudad to the level at Avhich the 
main pancreatic duct enters the duodenum. 

In order to control the effect of operative procedure alone on blood co- 
agulation, celiotomy Avas performed on 2 cats, the tissues in the region of 
the pancreas and biliary passages being handled but not otherwise altered. 

Six cats were subjected to partial pancreatectomy. The entire head of 
the pancreas and the proximal portion of the splenic limb Avere remoA'^ed 
Avithout injury to the pancreatico-duodenal artery and vein and common 
bile duct. The distal extremity of the tail of the pancreas, about 2 to 3 cm. 
long, Avas left in the mesentery AAith its blood supply intact. It had no 
connection Avith the gastro-intestinal tract. Histologic sections of the 
resected tissues showed normal pancreas. 

Complete pancreatectomy Avas conducted in tAvo stages, the greater part 
of the pancreas being excised at the first operation. One Aveek later the 
remaining segment Avas resected. 

Total lipid analysis of stool specimens and livers. Specimens and tissues 
AA'ere desiccated to constant Aveight and extracted over steam Avith 95 per 
cent alcohol and 2 changes of chloroform in turn. The extracts Avere freed 
of solvent and the residue reextracted 3 times AAoth petroleum ether. The 
petroleum ether soluble material AA’as recorded as per cent of dry AAnight of 
original material. 

Determination of prothrombin time. Thromboplastin solution Avas pre- 
pared from blood-free chicken brains by maceration and repeated dehj’^dra- 
tion Asath absolute acetone. Freed of solvent, the poAA’^der Avas either used 
promptl}^ or stored under nitrogen at — TO^C. Before using, 0.3 gram was 
added to 5 cc. 0.9 per cent saline and 0.1 cc. 3 per cent sodium citrate. 
The mixture was incubated at 45'’C. for 10 minutes and the larger particles 
remoA'ed by centrifugation. 

Blood Avas obtained for determination of prothrombin time either from 
the femoral Amin or by heart puncture. Determinations conducted 
simultaneously on samples from Amin and heart checked AAithin the range 
of experimental error. Immediately on AAdthdraAval, 2 cc. AA'hole blood AAmre 
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mixed with 0.167 cc. of 3 per cent sodium citrate. The plasma was sep- 
arated by centrifugation for 30 minutes at 1800 R.P.M. and kept about 1| 
hours before the prothrombin time was determined. No measurable 
change occurred during this time. During the entire period between with- 
drawal of the blood and determination of prothrombin time, the materials 
were surrounded by ice water and centrifugation was conducted by means 
of an ice chamber and chilled cups. 

Prothrombin time was determined by means of the coagelometer as 
described by Baldes and Nygaard (6). The portions of the apparatus in 
contact with solutions were immersed in a constant temperature bath 
regulated to 40° ± 0.1°C. Before prothrombin time Avas determined, each 
specimen of plasma Avas placed in the bath for 5 minutes. Four-tenths 
cubic centimeter of a mixture containing equal parts of calcium chloride 
solution (1.11 grams anhydrous CaCB in 100 cc. HjO) and thrombo- 
plastin solution AA^ere added to 0.2 cc. of the plasma in the glass tube and 
speedilj'' placed in the coagelometer. The formation of a fibrin network 
in the plasma reduced the intensity of the beam of light incident upon the 
photoelectric cell. The prothrombin time was defined as the interval be- 
tween mixture of the solutions and the sudden doumward deflection of the 
microammeter needle that marked the instant of coagulation. 

Hematocrii determination. Viscosity of the blood is known to affect the 
velocity of coagulation. Any possible A’-ariations in Auscosity attendant 
upon anemia or dehydration were controlled by hematocrit determinations 
on the specimen obtained for determination of prothrombin time. 

Whole blood clotting time. A few drops of blood from the ear Avere col- 
lected in a small tube and shaken in a Avater bath at 37°C. until it no longer 
floAA’^ed on light tapping. 

Bleeding time. The period of flow of blood from the ear prick was 
recorded. 

Assay of vitamin K content of liver. Only those livers obtained immedi- 
ately after death AA'ere tested. The liver AA^as cut to a pulp, frozen at 
— 70°C., and dried in high A'acuum. The desiccated liver AA'^as pubrnrized 
and packed into gelatin capsules, each containing about 70 mgm. For 
each test, 30 one-day old Avhite leghorn chicks Avere placed directly on the 
vitamin K free diet described by Ansbacher (7) and designated as ration 
K-1 . The diet Avas administered for 14 to 17 days, depending on the rapid- 
ity of development of the deficiency state. The chicks were divided into 
3 groups and the average clotting time for each group of 7 to 10 chicks 
detei mined. If the blood failed to clot in 30 minutes, it was discarded and 
the clotting time regarded as 30 minutes in determination of average time. 
After receiving 1, 2 or 3 capsules of the poA\riered liver, the chicks Avere de- 
priA'cd of food for 20 to 24 hours AA'hen the clotting time was again deter- 
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mined. The curative effect of the liver was roughly estimated as 0 to 
+ + + + depending on the amount of alteration in clotting time occurring 
-during this one test period. 

Necropsies. Complete morphologic studies were conducted on all ani- 
mals which died spontaneousl 3 '- or were killed bj'- intravenous injection 
•of air. 

Results. Total fat content of stools. Figure 1 shows the abrupt and 
persistent rise in total fat extracted from random stool specimens after 
section of the pancreatic ducts and separation of the head of the pancreas 
from the duodenum. Only one cat, no. 7, showed a gradual decrease in 

®/o 0+ 


dry uit. 



Fig. 1. Total fat content of stools following section pancreatic ducts 

stool fat during the next six months not included in the graph, A value 
of 9.2 per cent was obtained shortly before the animal was sacrificed. 
Figure 2 shows that pancreatectomj’", either complete or subtotal, was 
followed b}’’ an immediate and striking rise in stool fat from a normal of 
about 5 per cent to values ranging from 14 to 46 per cent diy weight. 

Prothromhin time. This value was calculated as the mean of duplicate 
determinations which rarel.v differed bj"^ more than one second. The nor- 
mal value for each set of determinations was the mean of the prothrombin 
times of the control animals for that da 3 ^ This value ^'aried considerabll' 
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from one series of determinations to another. The percentage deidation 
from the normal was calculated for each prothrombin time and expressed 
as a plus or minus value according as the time was greater or less than that 
of the control cats for that day. The relationship of the prothrombin 
times of the experimental animals as a group, to the normal prothrombin 
times of the control group, was found by calculating the net mean deidation 
from normal of the respective groups as follows. The difference between 
■ each prothrombin time and the normal for that series of deteiminations was 
found and expressed as a plus or minus value. These values for a given 


% of 



Fig. 2. Total fat content of stools following pancreatectomy, partial and complete 

-group of animals were added and the net sum was divided by the number 
•of cats in the group. This quotient indicated how manj'- seconds greater 
or less than normal the average prothrombin time of a given group of ani- 
mals was found to be and was called the net mean deviation from normal of 
this group. It was necessary to express tliis as percentage deviation above 
•or below noimal in order that the values obtained on different days could 
be compared. Since the normal value was calculated as the mean of the 
prothrombin times of the control animals, the net mean deidation of tliis 
group was alwa 3 ’s zero. 

During the 3^ month preoperative period the deviation from normal 
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of most animals fell within the range of —10 to +10. The greatest varia- 
tion between individual reading was —26 to +34. The 2^ month period 
immediately following section of the ducts presented a complicated picture 
vdth fluctuations between —48 and +116. Five months after operation, 
6 of the 7 cats were dead. Two of these 6 were shoving progressive in- 
crease of the prothrombin time reaching 105 per cent and 57 per cent above 
normal during the final week of life. The values of 3 others varied widely, 
but the terminal readings (72 per cent, 116 per cent and 26 per cent above 
normal respectively) were significantly higher than the preoperative level. 
A single animal was sacrificed after 13 months. Seven months after opera- 
tion the prothrombin time of this animal reached a maximum value of 64 
per cent above normal from which it fell slowly to the terminal value of 
+10 per cent. The stool fat content was also restored to a normal level. 

Although there was considerable variation of the prothrombin times both 
before and after operation, if the animals vdth ducts sectioned be consid- 
ered as a group (fig. 3), the average prothrombin time was greater than at 



Fig. 3. Prothrombin times following section pancreatic ducts 

any time before operation and the average value did not fall to or below 
normal. From October 1939 to June 1940 the curve was determined by 
the prothrombin times of a single cat (no. 7). 

The 6 cats in which the greater part of the pancreas had been removed 
also differed in their response. For the 7 months before operation the 
majority of the prothrombin times for the individual animals fell vfithin 
a comparativelj'’ narrow range and the Aralues greater than normal were 
about equaled in number by those less than normal. After operation the 
positive deviations from normal were greater and the negative deviations, 
which were part of the normal picture, were negligible. The very marked 
prolongation of prothrombin time of a single animal was progressive until 
it was 293 per cent above normal when he bled to death. The prothrombin 
values obtained from one cat did not change appreciably. 

This group as a whole (fig. 4) showed a greater prolongation of pro- 
thrombin time after operation than did the group of cats whose ducts were 
sectioned. 

Hematocrit determinations. Alterations in hematocrit values occasionally 
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occurred as individual animals developed anemia or dehydration, but there 
was no correlation between changes in viscosity of the blood and the pro- 
thrombin times. 

Whole blood clotting times. The coagulation times obtained from cats 
whose ducts were sectioned were only slightly higher than those of the con- 
trols. The highest value obtained was 9 minutes. The whole blood clot- 
ting times of cats completely or partially deprived of pancreatic tissue 
showed individual variation. The blood of one cat whose prothrombin 
time was greatly prolonged, failed to clot under 19 minutes shortly before 
the animal died from protracted hemoiThage. The other animals showed 
a rise at some time to approximately 10 minutes but the elevation was not 
a progressive or persistent one. The cat maintaining a normal prothrom- 
bin time failed to show any prolongation of clotting time. 


o/o 



Fig. 4. Prothrombin times following partial pancreatectomy 

Bleeding time. There was no significant rise in bleeding time following 
section of the pancreatic ducts. After pancreatectomy, partial and com- 
plete, it was only slightly altered. In most instances there was a rise to 4 
or 5 minutes from a normal of 1 to 2 minutes. The cat shotring the greatest 
prothrombin time continued to bleed for 8 minutes on one occasion and 
the last measure recorded on another cat was similarly elevated. Both 
cats on whom complete pancreatectomy had been perfonned evinced mod- 
erate prolongation of bleeding time and one bled for several hours shortly 
before death. 

Vitamin K assays of cat livers. Normal desiccated liver has a curative 
effect when fed to chicks deficient in vitamin K. The data presented in 
table 1 indicate that section of the pancreatic ducts usually results in diminu- 
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tion of vitamin K content of the liver. In 3 instances when the cats had^ 
died within 3§ months after the operation at least 140 mgm. of dry liver 


TABLE 1 

Vitamin K assay cat livers 


CAT NO. 

LENGTH 
, LIFE AFTER 

1 OPER. 

1 , 

1 NO. TEST ' 
CBtCES ' 

1 BEFORE 

AV. CLOT. 

TIME 

BEFORE 

NO. CAPS. 
DRIED LIVER 
FED* 

NO. TEST 
CHICKS 
AFTER 

AV. CLOT. 
TIME AFTER 

VITAMIN K 
i CONTENT OP 
' TEST DOSE 

I. Unoperated controls 


months 


minutes 



minutes 


1 


11 1 

28 

1 

8 

7 

+++ 



9 

28 

2 

8 

1* 

++++ 



7 1 

>30 

3 

6 

2 

++++' 

19 


10 

26 

1 

10 

4 

++++ 



9 

27 

2 

7 

21 

++++ 



9 

29 

3 

9 

3 

++++ 

2S 


10 

27i 

1 

8 

10 

+++ 



10 

28 

2 

10 

41 

++++ 


1 

10 

>30 ! 

3 

9 

2 

4 — k++ 

II. Section of pancreatic ducts 

13 

1 

1 

7 

27 

1 I 

6 

25 

0 



7 

>30 

2 

6 

16 

++ 



8 

26 

3 

8 

15 

+ + 

1 

3 1 

2 1 

9 

29 


9 1 

17 

++ 



9 

29 


8 

12 

+++ 

6 

i 

3 ' 

10 

28 


8 

27 

0 


1 

10 

1 26 

2 

7 

26 

0 



11 

1 

I 29 

3 

8 

23 

0 

8 

u 

10 

1 >30 

1 

9 

28 

0 



9 

28 

2 

9 

20 

+ 



9 

29 

3 

7 

16 

++ 

14 

5 

10 

1 27 


10 

25 

0 



11 

28 


8 

26 

0 



9 

29 


7 

27 

0 

7 

13 

9 

1 

, 27 


mm 

9 

+++ 



9 

28 

2 


3 

d — ! — 1 — (" 



9 

>30 

3 


2 

++++ 








■ ■ - — 


* One capsule = about 70 mgm. dried liver, 
t Taken 24 hours after test dose. 


were required to alter the coagulation time of the deficient chicks and even 
the maximum dose of about 200 mgm. failed to restore the normal clotting 
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time. There was no curative effect in the test amounts of liver obtained 
from 1 cat living 3 months and another living 5 months after operation. 
Cat 7, whose post operative period extended beyond a year, had at least 
a normal amount of the vitamin in the liver. This is in accordance vdth 
the restoration of stool fat content and prothrombin time to normal levels 
during the latter part of its course. 

A more pronounced deficiency in vitamin K content of the liver followed 
pancreatectomy, either partial or complete (table 2). The liver of 1 animal 
had a slight curative effect; the others had no effect in the dose used. The 
liver lipids following partial pancreatectomy were elevated onl}’’ in 2 cats 
(table 3) while the vitamin K content of the liver was reduced in all. 

Hemorrhagic manifestations of a deficiency state. The animals were ob- 
served for the appearance of spontaneous hemorrhages. None was de- 
tected in skin, mucous membranes or conjunctivae. Two fatalities were 
due to hemorrhage initiated b}'^ cardiac puncture at the time when the pro- 
thrombin times were at their height. One cat, whose pancreas was par- 
tially resected, died following protracted hemorrhage into the intestinal 
tract. Four of the six cats subjected to partial pancreatectomy had gross 
hematuria at intervals and red cells could be found in the urine on other 
occasions. Urine analyses were rarely peidormed when the ducts alone 
were sectioned and no blood appeared in these occasional specimens. 

Necropsies. Histologic studj'’ of the organs revealed the following facts. 
The pancreas was atrophic and showed a varying degree of fibrosis on everj”- 
occasion but one. One cat, whose prothrombin time and stool fat were 
little elevated at the time he was sacrificed 13 months after operation, 
showed only moderate atroph}'- of the pancreatic acini. The amount of fat 
present in the liver was consistent iHth the values obtained by chemical 
analysis. There were no other significant changes in the liver cells. The 
mucosa of the alimentarj’- tract was studded with petechial hemorrhages in 
three cats. The animal suffering a profound intestinal hemorrhage had an 
acute ulcer of the duodenum. 

Three cats in which the ducts had been sectioned and all those wdth 
partial or complete pancreatectomy showed renal changes. Thej’' varied 
from an accumulation of protein precipitate in the glomerular spaces of 
Bowman and lumina of the tubules to scattered areas of necrosis of the 
epithelium lining convoluted tubules. Occasionally red cells and casts 
were also found in the tubules. The kidneys of the one cat surviving 13 
months were reduced in size and showed atrophy of tubules ndth fibrosis 
of the interstitial tissues. In many areas the convoluted tubules had dis- 
appeared entirely. The better preserv^ed tubules were dilated, contained 
hyaline casts and their lining epithelium appeared to have been regenerated. 

Only a few plasma cells were present. The glomeruli and blood vessels 
were normal. 

Discussion. The establishment of pancreatic achylia by either partial 
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pancreatectomy or section of the pancreatic ducts is followed by a variable 
but significant prolongation of prothrombin time in the cat. Pronounced 
reduction of prothrombin, comparable to that initiated by isolation of the 

TABLE 2 


Vitamin K assay cat livers 


LIVER OP 
CAT NO. 

LENGTH 
LIFE AFTER 
OPER. 

NO. TEST , 
CHICKS 1 
BEFORE 

i 

AV. CLOT. 1 
TIME 1 

BEFORE 

NO. CAPS. 
DRIED LIVER 
FED* 

NO . TEST 
CHICKS 
AFTER 

AV. CLOT. 
TIME AFTERf 

VITAMIN K 
CONTENT OF 
TEST DOSE 



I. 

Complete pancreatectomy 




1 months 


minutes 



minutes 


16 

2 

^ 1 

28 

1 

7 

26 

0 



9 1 

29 

2 

9 

26 

0 



10 

>30 

3 

10 

28 

0 

1 

1 

20 ; 

2 

9 1 

29 

1 

8 

26 

0 



8 

>30 

2 

7 

28 

0 



8 1 

>30 

3 

6 

29 

0 


II. Partial pancreatectomy 



* One capsule — about 70 mgm. dried liver, 
t Taken 24 hours after test dose. 


biliary tract from the intestine, is less often obsen'’ed. Spontaneous 
hemorrhage occurs more frequently in cases of biliary obstruction than m 
pancreatic deficiency, but it is recognized that the prothrombin level must 
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be lowered to approximatelj’’ 20 per cent of the normal before hemorrhages 
appear. 

■^Tien the ducts alone are sectioned and the organ is allowed to remain 
in the body, there is less deviation from normal of the prothrombin times 
and of the quantity of lipids in the stools. Although this procedure is soon 
followed by atrophy of the acini, the islets of Langerhans are undisturbed. 
It is possible that an internal secretion such as the lipocaic discussed by 
Dragstedt (8) is responsible for the difference in effect of extirpation of the 
pancreas from that of mere atrophj'- and fibrosis of this organ. 

A rough parallel can be drawn between the degree of altered elimination 
of lipids in the stools and the elevation of prothrombin times in the experi- 
mental animals. Obviously the examination of random stool specimens 
without complete study of fat intake and output for extended periods does 
not permit an absolute comparison between fat metabolism and prothrom- 

TABLE 3 


Total lipid content of liver 
Per cent of dry weight 


XXPER1MZNTA.L CONTROLa 

SECTION OF PANCREATIC EUCTB 

1 PARTIAL PANCREATECTOMY 

Cat no. 

Per cent lipid 

Cat no. 

Per cent lipid 

Cat no. 

Per cent lipid 

Unoperated controls 

3 

15.5 

4 

12. S 

1 

12.0 

6 

14.9 

9 

45.5 

19 

19.8 

8 

19.7 

15 

23.6 

28 

14.1 

13 

13.2 

27 

14.3 

Operated control 

14 

14.8 

29 

15.2 

2 1 

13.7 

Complete pancreatectomy 

30 1 

16.2 



16 

12.4 





20 

14.6 




bin content of the blood. However, both the stool lipids and the prothrom- 
bin times were more strikingly elevated in the early post operative period 
and tended toward a gradual restoration of the normal value. This was 
especially tnie of the prothrombin values. The explanation may lie in the 
known sources of lipase other than the pancreas. In the absence of the 
external secretion of this organ, fat splitting enzymes of stomach, intestine 
and oxen of the intestinal flora may play an increasingly prominent role in 
digestion. 

The demonstration of a reduction of vitamin K content of the liver in 
animals with pancreatic achjdia provides strong indication that a deficiency 
in the fat-soluble vitamin due to faulty fat digestion is the mechanism by 
which blood clotting is delayed. In fact, diminution of the vitamin K con- 
tent of the one organ tested was a more constant finding than pronounced 
elevation of prothrombin time. Undoubtedly stores of the rdtamin are not 
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absolutely depleted and it is possible that a critical level must be reached- 
before the deficiency is reflected in coagulation defects. 

The reduction of vitamin K in the liver is independent of the amount of 
fat in this organ. Fatty livers were not the rule in the pancreatectomized- 
cats despite obvious disturbances in fat metabolism as demonstrated by 
stool analyses. l\Tien the ducts alone were sectioned, an adequate amount- 
of choline may have been obtained from the internal pancreatic secretions- 
to maintain a normal phospholipid turnover in the liver. The cats sub- 
jected to partial and complete pancreatectomy were given a high protein 
diet containing sufficient quantities of methionine to perform a similar 
function in most instances. 

An explanation for the occurrence of hematuria and necrosis of renal, 
epithelium is suggested by the experiments of Griffith and Wade (9) and- 
more recently by Gyorgi and Goldblatt (10). Administration to rats of a 
diet deficient in choline resulted in tubular necrosis and interstitial hemor-- 
rhage in the kidneys. Since pancreatectomy deprives the body of at least- 
a part of its choline such a mechanism may have been responsible for the- 
renal damage in our cats. 


STJMMART 

Adult cats were deprived of the external secretion of the pancreas by' 
section of the pancreatic ducts, complete extirpation of the pancreas or by 
subtotal pancreatectomy. In every instance the operations were followed, 
by a marked rise in the lipid content of the stool. 

There was considerable fluctuation of the prothrombin times but the- 
average prothrombin time following section of the ducts surpassed that- 
observed before operation and did not return to normal. The effect of 
pancreatectomy was more striking but equally variable. ■ 

Reduction of prothrombin caused only moderate alteration of whole- 
blood clotting time and slight prolongation of bleeding time. 

The vitamin K content of the liver, as demonstrated by biological assay, 
was reduced after duct transection and even more strikingly lowered when 
the greater part of the pancreas was resected. This could not be accounted 
for by accumulation of fat in the liver since fatty liver rarely occurred. 
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This paper represents a continuation of previous work in which, radio- 
active potassium was used to study the permeability of various tissues of 
the rat (Noonan et al., 1941) . It was found in general that after miection 
into a rat radioactive potassium was absorbed most rapidly by the viscera- 
and more slowly by muscle, nerve and skin. In the first 2 hours after in- 
jection the remarkable fact was observed that in relation to the amount of 
total potassiiun present there was more radioactive potassium in many 
visceral organs, particularly the liver, than there was in the plasma. It- 
was chiefly for the purpose of furthering the investigation of this fact that- 
more experiments on the rabbit and other animals were undertaken. 
Larger animals offer the advantage that successive samples of blood and, 
liver can be taken from the same animal. 

Methods. Details of the methods used have already been explained.- 
It need only be stated that samples of tissue were dissolved in nitric acid 
and the digest was analyzed in duplicate for total potassium and used for 
the determination of radioactive potassium of the sample by a Bale im- 
mersion type of Geiger-Mueller counter. 

The nomenclature which is used is given in the following equations:: 


Radioactivit 3 ’^ = RA = 


counts per kgm. vfet weight of ‘sample 
counts injected per kgm. body weight 


Potassium radioactivity 


KRA = 


100 X RA 

mM of K per kgm. of sample 


Relative ICRA = 


KRA of tissue 
KRA of plasma 


(Relative IfRA) X 100 = per cent penetration or per cent exchange of 
K* with K+. 

1 . Rahhit experiments. The fate of injected radioactive potassium in the- 
whole animal is illustrated by the experiment in table 1 in which the whole- 
animal was killed 15 hours after injection of radioactive potassium and wa& 
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divided into four parts; skin, muscle, viscera and carcass. Plasma samples 
were also taken in order that the relative KRA could be calculated. The 
results show' that 54 per cent of radioactive material is recovered in the 
muscle in w^hich 55 per cent of the total potassium of the body is located. 
In general the distribution in all 4 groups of the tissues is just proportional 
to the amount of potassium which they contain. In all the tissues about 
85 per cent of the potassium has exchanged with the radioactive material. 
After shorter periods the viscera contained relatively more of radioactive 
potassium and the muscles relativelj’’ less . The total potassium of the body 
is about 72.9 mM per kgm. according to these figures. The amount of 
total potassium exchanged can also be calculated from the expression 


100 


100 


^ or 43 mM per kgm. or 59 per cent of the total. 
KRA of plasma 2.33 a 

There is, therefore, some discrepancy in the figures, for the potassium ex- 


TABLE 1 


Fate of infected radioactive potassivm in the rabbit after IS hours 



WSIGHT 

POTASBITJSJ 

TOTAL COUNTS 

RA 

KRA 

RELA- 

TIVE 

ICRA 

Grams 


mJI/ 

kgm. 

Total 

mM 

Per 
cent of 
total 

Counts 
X io-» 

In per 
cent of 
injected 

Skin 

323 

13.5 

34.8 

11.3 

7.1 

406 

8.1 


1.67 

0.86 

Muscle 

828 

34.5 


87.3 

55.4 

2715 

54.3 

1.58 

1.56 

0.80 

Viscera 

458. 

19.1 

61.6 

28.2 

17.9 

968 

19.4 


1.64 

0.85 

Carcass 

554 

23.1 

55.8 

30.9 

19.6 

1270 

25.4 

1.05 

1.88 

0.87 

Total 

2163 

90.2 

72.9 

157.7 

100 

5359 

107.2 




Actual 












change as calculated from tissues analysis was over 80 per cent complete. 
A probable explanation of these figures will be considered later. 

The results of analyses of the tissues from 9 different rabbits are given in 
table 2. We have listed onty the potassium contents (K) and the radio- 
activity of the samples (RA) . Since the plasma values are given in each 
case it is possible to calculate KRA and the relative KRA or the per cent 
penetration. These last values are plotted in figures 1 to 4. It is e\’ident 
that the rat experiments are in general confirmed. Diaphragm, heart, 
kidney, liver and gastro-intestinal tract give values greater than 1 during 
the first 1 to 3 hours. Brain, nerve, muscle, testis, skin, bone marrow and 
bone show slower penetration without an initial peak as in the case of rats. 
The 24 hour point on the skin curve in figure 2 appears to be erroneously 
high since it should not be much if any greater than 1.0. The figures for 
bone are calculated on the assumption that bone contains 0.1 per cent 
potassium. We are indebted to Dr. H. C. Hodge for this tentative figure 
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based largely on a critical selection from tbe varied figures in the literature 
(cf. Steadman, Hodge and Horn, 1941). 

It follows from the definition of the tissue radioactivity (RA) that 
(RA of sample) X weight of sample in per cent of body weight = per cent 
of injected dose found in sample. 

Utilizing this relationship and the weights of rabbit tissues in per cent of 
the body weight the distribution of the injected dose may be calculated 
from the data of table 2. Thus it appears that the heart, lung, kidney, 
diaphragm, liver and gastro-intestinal tract together comprise onlj"- 12 to 13 

TABLE 2 


Polassium content (K) and radioactivity (RA) of rabbit tissues 


TIME 

DOSE 

INJEC- 

PLASMA 

LIVER 

MUSCLE 

HEART 

INTESTINE 

DIA- 

PHRAGM’ 

LUNG 

TION 

K 

RA 

K 

RA 

Iv 

RA 

K 

RA 

K 

RA 

B 

RA 

K 

RA 




m.eq./ 

kgm. 
















24 

0.92 

sc 

4.59 

filBIrl 

77.6 

1.91 

117 

2.72 

86.8 

1.87 

90.3 

2.34 

98.0 

2.4S 

82.4 

2.02 

12.5 

0.52 

sc 

5.98 

0.15 

93.4 


143 

2.14 

96.2 

2.08 


2.21 



98.6 

2.07 

4.0 

0.31 

sc 

3.75 

imm 

79.8 

1.93 

■fttl 

1.24 

76.6 

1.67 

79.8 

1.79 

EQI] 

2.11 


l.SS 

1.0 

0.62 

sc 

5.32 

0.11 

lailB 

1.88 

119 

.72 

79.5 

2.77 

Mimi 

1.91 

94.3 

2.6 

80.8 

2.02 

1.0 

1.2 

sc 

7.26 

0.22 

81.0 

1.8S 

103 

1.5 

76.8 

2.89 

86.4 

1.48 

99.0 


92.2 

2.50 

2.8 

0.44 

Vein 

5.58 

0.21 

74.7 

jiMiM 

119 

0.81 

89.3 

5.6 

99.4 

5.09 





2.2 

1.91 

Vein 

5.72 

0.10 

71.6 

3.65 

138 


97.3 

4.3 

107 

2.67 

95.5 

2.91 

88.6 

3.01 

1.6 

0.76 

Vein 

4.87 

0.13 

91.4 

2,40 



99.3 

3.84 



94.5 

1.85 



1.45 

0.36 

Art. 

13.8 

0.43 


2.7 

m 

1 ^ 












NERVE 

KIDNEY 

BRAIN 

SKIN 

TESTIS 

MARROW 

BONE 

24 





60.4 

1.51 

87.4 

0.69 

31.8 

0.9S 

98.5 

2.13 

60.4 

1.57 

25.6 

0.23 

12.5 



75.5 

0.63 

81.6 

1.54 

86.4 

0.40 









4.0 



42.4 

0 

56.2 


94.6 

0.17 

25.6 

0.49 



60.4 

0.79 

25.6 

0.20 

1,0 



43.2 

0.097 

81.0 






103 

0.41 





2.2 



49.8 

0.19 


■ 












K = potassium content in m.eq. per kgm. wet. RA = radioactivity (see text). .Additional data for K 
and R.A and relative KRA are respectively in the various experiments: expt. 1, stomach muscle, 102, 2.62 and 
1.10; stomach mucosa, S4.1, 1.07 and l.Ol; expt. 2. gall bladder and contents 24.0, 0.60 and 0.96; eye, 24.5, 0.31 
and 0.50; expt. 3, stomach 7S.8, 1.25 and 0.56. 


per cent of the body weight and contain 12 to 15 per cent of the body 
potassium, but after the first hour they account for 24 per cent of the in- 
jected counts. The liver itself being 5 per cent of the body weight and 
containing 5 per cent of the body IC takes 10 per cent of the injected dose in 
the same time. Conversely, if the muscles comprise 40 per cent of the body 


weight the RA of muscles cannot be greater than ~ = 2.5 unless the 

40 

muscles contain more radioactive material than was injected. For this 
reason the high value of 2.72 for the RA of muscle in the 24 hour experi- 
ment (table 2) appears to be erroneous. With this exception the highest 
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HA found in muscles is 1.98 after 12.5 hours. In another 15 hour experi- 
ment (table 1) the pooled muscles gave an RA of 1.58 while the values for 
individual muscles were as follows: rectus femoris, 1.55; gastrocnemius, 
1.63; triceps, 1.94; masseter, 2.12; lon^ssimus dorsi, 1.20; rectus abdominis. 


REL.KRA 



hours. 

Shows the penetration of radioactive potassium into various rabbit tissues as a 
function of time. Complete exchange is indicated by a value of relative KRA =1.0. 
In Sgure 2 the bone curve includes one point at 1 hour from a similar cat experiment 
(table 3, no. 3). One rabbit point at 1.6 hours with a rel. KRA = 1.12 was discarded 
as erroneous for unknown reasons. 


1.35; psoas, 1.41; and gluteus 1.62. On the average therefore, the muscles 
at 15 hours accounted for 62 to 80 per cent of the injected dose assuming 
the muscles equal to 40 to 50 per cent of the body weight. 

3. Cat experiments. Three experiments on cats are summarized in table 

3. Detailed figures are omitted and onb’’ the per cent penetration as cal- 
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culated from analyses in both, plasma and tissues are included. As in 
rabbit and rat, the visceral organs show values greater than 100 per cent in 
short time experiments. After longer times all tissues would show ap- 
proximately 100 per cent penetration. The penetration of muscle is 
particularly low in these experiments, not greater than 14 per cent. The 
total potassium exchanged is only 39 mM per kgm. after 2.7 hours. The 
total potassium was determined in one cat bj’’ dissolving the whole animal 
in nitric acid and was found to be 77.6 mM/kgm. Therefore, about 
one-half of the potassium of the animal had exchanged in 2.7 hours. After 
only one hour the exchange was less than 17 per cent and the plasma KRA 
values were correspondingly high (expts. 2 and 3), but this may have been 
due to a poor circulation from previous loss of blood in these 2 animals 
(see legend table 3). The rapid penetration into cat erythrocytes is also 
illustrated in this table and is due chieflj'’ to the small potassium content of 

TABLE 3 


Penetration of 'potassium into cat tissues 


CAT 1 
IfCM* 1 
BER 

weight 
OF CAT 

BOSE 
OF K 

INJECTION 

TIME 

1 

CJ 

< 

1 

exchanged 

POTASSIUM 

LlVEn 

HEART 

KIDNEY 

INTESTINE 

s 

O 

< 

< 

O 

o 
■ tf 

i 5 

» 

2 

O 

» 

Z 

o 

B 


» 

% 

a 

E- 

)- 

U 

o 

B 

? 

>• 

B 

B 


1 

kgm. 

m.eq./ 
kgm. \ 


hr 8. 


1 

1 

! 

1 



! 

1 


1 

1 

■ 


1 

2.3 

0.29 

Arterial 

2.7 

2.56 

39 ' 

135 

118 

117 



1 


13.5 

25.4! 

30 

2 

2.1 

2.46 

Vein 


6.0 

16.6 

123 

155 


123 

48| 

47 

1 

14 

■ 

40 

3 

2.2 

0.29 

Vein 


12.8 

7.8 

98 

151 

125 




10 

9 

iH 

65 


All cats under dial-urethane anaesthesia. Cats 2 and 3 had previously lost about 
20 cc. of blood and had received injections of liquoide-Roche to prevent clotting. 
This accounts perhaps for the poor exchange. 


these cells (cf, Mullins et ah, 1941). The slower penetration of the 
muscle on the other hand must be dependent on a smaller permeability to 
potassium or to a poor circulation through the muscle as compared to the 
liver. 

S. Frog experiments. A number of observations have been made on 
frogs which are summarized in figure 5. In this case we have plotted not 
the relative potassium activity but the potassium activity (KRA) or the 
ratio of RA to total potassium. The values of the relative KR A or frac- 
tional penetration are given in table 4. The radioactive material was in- 
jected into the dorsal lymph sac. Plasma was obtained by syringe from 
the aorta with the use of heparin as an anticoagulant. The frog was pre- 
viously immobilized b}^ destrojdng the brain. 

High values of KRA in the plasma were obtained after one hour but 
they fell rapidly to an equilibrium value of about 1.5 representing 67 mM 
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per kgm. of total potassium exchanged as indicated in figure 5c. Po- 
tassium in the heart exchanges rapidly with the potassium in the serum and 
the heart curve lags slightly behind the plasma curve. ■ Other tissues lag to 
greater degrees but manj’- of them such as lung, skin and kidnej'' show slight 
peaks corresponding to the high plasma values in the initial period. Mus- 
cle, ovary and red cells are particularly slow. But with the exception of 
the red cells and the ovarj’' (which presumably has a poor circulation) the 





Fig. 5 . Values of potassium radioactivity (KRA) plotted against time. A value 
of 1.5 in the plasma would represent complete penetration or complete exchange. 
Upper, a and b; lower, c and d. 

KHA of all the tissues approximates that of plasma at the end of 20 hours, 
i.e., their potassium is 100 per cent exchanged in this time. In the frog it is 
the skin which takes up the potassium most rapidly, probably because it 
reaches the skin after injection in the dorsal lymph sac in especiallj’’ high 
concentration. In one frog the skin accounted for 10 per cent of the body 
weight but contained 21 per cent of the radioactive material after 1.25 
hours at which time 91 per cent of its potassium had exchanged with the 
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radioactive material. The ovary on the other hand accounted for 20 per 
cent of the body weight and contained only 1.2 per cent of the injected 
material. In another 19 hour experiment 20 per cent of the body weight 
was due to the ovary which held only 2.2 per cent of the radioactivity. 

In table 4 are given the average potassium contents of the various tissues 
anatyzed as well as the values of relative KRA or fractional penetration. 
Under each experiment are also given the plasma KRA and the correspond- 
ing total exchanged potassium as well as the total K in the whole animal as 
found by analysis. The exchanged K in the longer experiments was 

TABLE 4 


Relative KRA or fractional penetration in various frog tissues 



AVERAGE 

POTASSIUM 

REI.ATIVE KEA 

1.25 hours 

1.4 hours 

2.0 hours 

10.5 hours 

13.0 hours 

21.5 hours 


m.erj./lcgm. 







Muscle (gast.) . . . 

88.0 

0.30 

0.086 

0.42 

0.83 

1.0 

1.16 

Muscle (thigh) . . 

86.1 

0.26 

0.122 


0.82 

1.26 

1.14 

Liver 

84.9 

0.39 

0.099 

1.18 

1.28 

1.82 

1.26 

Heart 

80.1 

0.78 


1.60 

1.14 

1.82 

1.08 

G.I. tract 

74.3 

0.23 


0.74 

1.18 

1.86 

1.19 

Skin 

47.1 

0.91 



1.14 


1.40 

Ovary 

46.0 

0.026 





0.28 

Oviduct 

22.2 






0.91 

Erythrocytes .... 

78.1 

0.013 

0.024 

0.19 

0.23 

0.22 

0.21 

Kidney 

70.8 



1.60 

1.12 

1.70 


Lungs 

64.7 



1.50 

1.18 

1.97 


Nerve 

95.2 





1.69 


Carcass 

53.1 

0.43 



1.38 


1.12 

Plasma 

6.2 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

Plasma KRA 


5.23 

6.46 

1.68 

1.61 

0.88(?) 

1.54 

Exchanged K 

(m.eq./ 







kgm.) 


19.1 

15.5 

59.5 

62.1 

113 

65 

Total K found 

(m.eq./ 







kgm.) 


49 



48. 3 


52 


around 60 m.eq. per kgm. while the total found by analysis was around 
50 m.eq. The discrepancy is probably due in part at least to some loss in 
sampling. The plasma KRA in the 13 hour experiment is doubtless too 
low because the calculated exchanged potassium is impossibly high. Con- 
sequently all the fractional penetrations in this experiment are probabty 
about 1 .7 times too high. Plasma samples obtainable from a 40 gram frog 
are so small that duplicate determinations of potassium are impossible; 
this probably accounts for the error. 

The excretion of radioactive K was followed in only 2 of the frog ex- 
periments. In one of these (not included in table 4 because incomplete) 
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2.5 per cent of the dose was found in the water in which the frog wasr 
partially immersed for 19 hours. In the 13 hour experiment of table 4, 12 
per cent of the dose was excreted and the figures given are calculated on the 
basis of the counts stUl retained in the body. After 21 hours (table 4) 
87 per cent of the injected counts were recovered from the frog and after 
Ij hours, 96 per cent. 

4 . Potassium in the viscera. In the case of the frog we have seen that the 
high values of potassium radioactivity or ICRA which are found soon after 
injection are due to similarly high values in the plasma with which the 
tissues tend to come into equilibrium. It must be emphasized however 
that the peaks shovm in figures 1 to 4 for the visceral organs are peaks in 
relative EZRA, i.e., the ICRA of these tissues must be higher than the 
simultaneous KHA of the plasma. Such a condition might occur in a 
tissue which is lagging behind the plasma when the plasma KRA is rapidly 
falling. Indeed in figure 5c the KRA of the heart is for a time higher than 
that of the plasma. This raises the question whether the high relative 
KRA in the liver could be similarly explained. The following theoretical 
considerations lead to the conclusion that values of ICRA slightlj’’ greater 
than 1 could be so explained but the very large values of 1.5 or 2.0 are too 
large for such a mechanism. 

Let y and x equal respectively the KRA (K^/K"^) of the plasma and 
tissue respectively. The tissue is considered to be small in size compared 
to the plasma so that y varies independently of x. Then x tends to ap- 
proach the value of y by exchange of potassium between tissue and plasma 
and we may write 

m 

To solve this equation it is necessary to express y in terms of t. For this 
purpose some experimental values for y were fitted empirically by the 
equation 

(y — a) = (yo — a)e“‘'* (2) 

This equation is plotted as a dotted line in figure 6 where a = 0.8 and k = 
0.383. The experimental points (representing smoothed data on rat 
plasma — cf. Noonan et al.,1941) are included to show how well the equa- 
tion fits. This value of y is now substituted in equation (1), which was 
kindty integrated for us by Prof. H. A. Blair of this department. The 
integral form of the equation appears in figure 6 and some of the curves 
representing values of x which are plotted from it using various values of 
K are also shown. It is evident that x continues to increase until x = y 
when the two cun^es cross. Thereafter x > but continues to approach 
the value of y at a rate which is proportional to {y — x). I^Tien mi.xing is 
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finally complete y and x have again the same value. In spite of wide 
variation in the choice of the constants K and k it was found impossible to 
make x more than 15 to 20 per cent larger than y at any time. 

On the basis of these considerations we feel forced to conclude that the 
simple process of diffusion and exchange of potassium will not allow much 
more radioactivity in the tissues per unit of total potassium than is found 
in the plasma. 

It therefore appears that the liver like other visceral organs has the 
power of taking an excess of potassium out of the plasma and giving it up 
slowly to other tissues of the body, particularly the muscles. If this excess 



Fig. 6, Theoretical curves indicating the way in which the KRA of tissues tends 
to approach the KRA of plasma by the process of exchanging K^^ for K“®. The solid 
lines are theoretical curves showing the way in which the KRA of tissues, x (solid 
lines) tends to approach the falling curve for plasma KRA, y (broken line) . Experi- 
mental plasma points taken from smoothed rat data after intraperitoneal injection 
(cf . Noonan et al., 1941) are indicated by circles. The values of K used in calculating 
values of x in the three curves were 5, 2, and 1. For equations see text, yo = 2.0, 
o = 0.8 and k = 0.383. 

Fig. 7. Experimental curves on an anesthetized rabbit to compare with the theo- 
retical curves of figure 6. In this experiment the liver KRA does not approach the 
plasma KRA at a constant rate. 

potassium which is removed in this way happens to contain a large fraction 
of the radioactive isotope, then the radioactive concentration ivill be high in 
the liver and if the radioactivity of the plasma happens to be falling rapidly 
by exchange with other tissues then the radioactivity of the liver po- 
tassium may be higher than that in the plasma and may remain so for some 
time. 

In order to throw more light upon this peculiar power of certain organs 
for ingesting excess of potassium three experiments were tried on rabbits 
in which the radioactive potassium chloride solution was slowly infused 
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into the femoral vein by a motor driven syringe over a period of 10 minutes 
while samples of blood and liver were taken at intervals for analysis. The 
blood was taken from the carotid artery. Liver samples were removed in 
small pie-shaped pieces between ligatures with a minimum of bleeding. 
The animals were anesthetized with dial urethane. The figures from one 
of these experiments are given in table 5, and the values of radioactive/ 
total K (KRA) for liver and plasma are given for the other two experiments 
in figures 7 and 8. These rabbits correspond respectively to nos. 7, 6 and 
8 of table 2. The liver represented in figure 8 behaved very much like the 
theoretical curves of figure 6, as if a simple exchange by diffusion were the 
onty process involved. In the other two experiments, particular!}’- figure 
7, the liver values were far in excess of the plasma values and showed no 
tendency to approach the plasma values during the course of the ex- 
periment. These experiments, therefore, represent the time of the peak in 


TABLE 5 

Absorption of radioactive potassium by rabbit liver 


TIME 

POTASSIUM 

RA 

. ... ... 

KRA 

RELATIVE 

KRA 

Plasma 

Liver 

Plasma 

Liver 

Plasma 

Liver 

min, 

5 

4.61 

78.3 

1.83 

1.14 

39.7 

1.46 

0.037 

13 

3.54 

70.6 

0.76 

4.64 

21.2 

6.57 

0.31 

28 

6.30 

87.0 

0.31 

4.84 

4.92 

5.56 

1.13 

72 

6.01 

81* 

0.24 

4.3 

3.98 

5.31 

1.33 

133 

5.72 

70.3 

0.16 

3.65 

2.85 

5.19 

1.82 


Infusion of radioactive K lasted II 5 minutes. Dose = 1.9 m.eq. per kgm. Same 


as experiment 7 in table 2. 
* Average. 


the liver curve for relative KRA plotted in figure 4. Later in the experi- 
ment mixing would certainly become complete even in the liver and the 
liver and plasma curves would come to coincide fairly closely. Some 
permanent difference might be detected even at equilibrium on account of 
the greater atomic weight of the radioactive isotope (Fenn, Bale and 
Mullins, 1941) (Lasnitzki and Brewer, 1941). 

The curves of figures 7 and 8 are presented as evidence that the liver, and 
presumably the other visceral organs to some degree, are able by some 
process to absorb potassium from the blood stream when the concentration 
of that element is for any reason excessively high in the plasma. In this 
process all the potassium isotopes probably behave alike or nearly so. 
Such an intake of potassium might occur by exchange with sodium but the 
analyses which we have made in cat livers before and after the injection of 
potassium lead us to suppose that the potassium is taken in with some 
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anion and water in isotonic solution (Fenn, 1939). Whatever may be the 
mechanism of this transfer, it appears to be partially a one-way process; 
at least the radioactive potassium goes into the liver more slowly than it 
comes out. A process of this sort is to be expected on the basis of the 
Boyle and Conway (1941) theory of the potassium equilibrium. 

The rate with which potassium exchanges between plasma and tissues 
depends of course upon the blood supply of that tissue. Exchange is more 
rapid in active than in resting muscle (Noonan, Fenn and Haege, 1941a). 
Thus it is possible but not probable that the curves of figure 7 might be 
explained by assuming that the hepatic circulation was rapid while the 
radioactive potassium was being absorbed but thereafter, as a result of the 
trauma caused by the sampling, the circulation became so slow that the 


K.R.ft. 



Fig. 8 Fig. 9 

Fig. 8. Similar to figure 7 but in this case the curves resemble the theoretical curves 
(cf. fig. 6) indicating that only a process of exchange of K-'= for is concerned. 

Fig. 9. Amounts of body potassium exchanged with radioactive potassium at var- 
ious times after injection. The total potassium in the body is about 80 mM per hgm. 

liver could no longer maintain its equilibrium with the plasma and could 
not therefore dispose of its extra load of radioactive material. Since we 
were always careful to use a new lobe or a new part of the same lobe as far as 
possible from the location of the pretdous sample this does not appear very 
likely. Moreover, similar results are regularly obtained with unoperated 
and unanesthetized animals. 

5. Toial exchangeable poiassinm in man. On 10 different occasions in 5 
different subjects we have made determinations of the total exchangeable 
potassium of the human body. The subject drank as large a sample of 
radioactive KCl as could conveniently be obtained and thereafter collected 
uiine samples at interv'als. The urine samples were usuallj’’ evaporated 
and concentrated before anab’^sis. It is assumed for purposes of the cal- 
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culation that the isotopic composition of the urine is the same as that of the 
plasma. If the urine is analyzed for both potassium and radioactivity it is 
possible to calculate the value of ICRA according to the formula given and 
thus to estimate the total amount of potassium with which the ingested 
sample must have been mixed in order to give the proportion of radioactive 
to total potassium which was observed. Two determinations were also 
made in plasma and one determination in saliva. For this purpose 94 ml. 
of saliva and 38 ml. of plasma were collected and both were ashed in nitric 
acid and evaporated down to 4.5 ml. before analysis in order to increase the 
count. The KRA in both cases was 1.79 and the value in urine collected 
over a period beginning 2 hours before and ending 2 hours after the veni- 
puncture had a value of 1.77. In this case therefore both saliva and urine 
served as good indices of the radioactivity of the plasma potassium. In 
another individual the KRA of the plasma was 5.5 and that of the cor- 
responding urine was 6.5. Both of these latter values seem impossibl.y 
high for 11 hours after ingestion and are regarded ^Adth some suspicion. 
They indicate a total exchangeable potassium of only 18.1 and 15.5 mM per 
kgm. respectively. We obtained also 3 very high points in man which 
likewise appear erroneous for no evident reason. 

The results of all our experiments of this type are plotted in figure 9, 
together with similar data taken from plasma analyses in our expeiiments 
on cats, rats, guinea pigs and rabbits. There is a very Avide scatter in the 
points, especially those for man and the exact position of the curves is quite 
arbitrary. The results do seem to indicate that the rabbit and man mix 
their potassium less rapidly than the rat. The cat points are too feAV and 
divergent for any conclusion. 

In the rats the total potassium of the body is about 70 mM per kgm. 
(Noonan, Fenn and Haege, 1941). In rabbits it is estimated as 79.2 in 
table 1 and Ave have made an independent estimate of 84 from our analyses 
of indiAddual tissues and figures for the percentage of the total body weight 
due to each tissue. In order to be certain of this important figure Ave liaA'^e 
dissolved a whole rabbit in nitric acid and have analyzed the digest for 
total K. In this Avay Ave found 82.9 mM per kgm. As already mentioned 
this is close to the potassium content found in cats by the same method 
(77.6). It is probable, therefore, that the total potassium in the human 
bodj'- is similar in magnitude. It may be concluded then that the cat, rat 
and guinea pig exchange all their body potassium AAuthin a period of perhaps 
10 hours while man and the rabbit exchange onlj'^ about half of it. 

That there is a difference betAA'een species can be seen bj’^ comparing the 
rates AAuth Avhich the muscle potassium e.xchanges in rats and rabbits. The 
times for half exchange are about 1.5 hour in the rat and 7.5 hours in the 
rabbit. Since muscle accounts for 60 to 70 per cent of the total potassium 
of the body the relatiA’'el 3 ’’ slow exchange of the muscle potassium of rabbits 
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explains satisfactorily the slow total exchange in that species. It seems 
possible that the slow exchange in rabbits and (sedentary) human subjects 
may be correlated with a sluggish muscle circulation. One of our subjects, 
however, tried to increase the rate of exchange of his potassium by several 
vigorous games of squash during the experiment but without noticeable 
success. 


K* 

These low values in man and rabbit show that the ratio of (or KRA) 

is relatively too high in the plasma. In the case of the rabbit at least we 
have found that this high value in the plasma is not accompanied by an 
equally low value in the tissues. Thus as already mentioned the experi- 
ment of table 1 showed 80 per cent average exchange of body K by tissue 
analysis and only 59 per cent by plasma analysis. Thus more of the in- 
jected counts are exchanged in the tissue than would be predicted from the 
plasma analyses. This is not impossible and probably means.that in some 
tissues the is not completely mixed with the K®®. The plasma is 
equilibrated as well as possible with all tissues and therefore has a mean 

K"*- 

KRA and reflects in its own - ratio the isotopic composition of the po- 

Iv® 


tassium in the tissues through which it passes. Since the K content of the 
plasma is never much increased as a result of the injection of K* it is evi- 
dent that as soon as 10 minutes after injection practically all the IC* 
(98-99 per cent of it) must be somewhere in the tissues and the average 
ratio of K^/K'*" in the tissues cannot change. This does not mean how- 
ever that mixing is complete. In general the viscera contain too much and 
the muscles and the skin too little. Indeed it may be that mixing is not 
always complete even within a single muscle. Muscles certainly take up 
some excess potassium by transport and must therefore acquire some K* in 
this way. There is no way to measure how rapidly such ingested K mixes 
with the previously contained K. If it is not completely mixed the cir- 
culating plasma may be equilibrated with the newly ingested K and may 
therefore have too high a ratio. In other words, the KRA of 

plasma may be high because the plasma is still sening to convey K'’^ from 
places where it was “ingested” with an anion to places where it was simply 
exchanged for This probably happens in man and the rabbit to a 
greater extent than in the rat. 

One other possible factor to explain the low exchange in man and rabbit 
ma}’- be a relative excess of the heavy potassium in mine as compared to 
plasma. We have discussed this possibility and presented our experi- 
mental evidence in another place (Fenn et ah, 1941). 

Special mention must be made of the work of Hevesy and Hahn (1941) on 
radioactive potassium in rabbits because they have reached the conclusion 
that less than half of the cellular potassium of the body can exchange with 



162 


PENN, NOONAN, MULLINS AND HAEGE 


plasma potassium whereas all our experience leads to the conviction that all 
of the potassium in the bodj'' will exchange in a few da3'-s and 90 per cent of 
it in 12 to 24 hours. Moreover, the experiments of Hevesy and Hahn 
lasted in general longer than ours. They find, however, only 33 per cent 
of the liver potassium exchanged in 64 hours. Indeed if all their figures 
were multiplied by a factor of 3 they would agree much better with our oivn. 

It is evident that this discrepancy depends chiefly upon the value of the 
ratio of labelled to total K in the plasma. The results of Hevesy and 
Hahn agree with ours in showing that 95 per cent or more of the injected 
counts have escaped from the plasma a few minutes after an intravenous 
injection. The KRA of the plasma will thereafter serve as a measure of 
the average KRA of the potassium in all the tissues through which the 
blood passes. Examination of the figures of Hevesy and Hahn for radio- 
activity of the plasma indicates that they were regularly 2-3 times as high 
as ours. Table 2 shows 24 hour values of RA = 0.107 which is more typical 
of our results than the high value of 0.15 at 12 hours. In rats we have 
found only 0.08 in 18 hours and 0.094 in 6 hours and in cats 0.124 in 2.7 
hours. In similar units we calculate from Hevesy and Hahn 0.2 for 24 
hours as an average of 4 experiments and larger values for shorter times. 
There is evidently some fundamental difference in our results. Likewise 
they have found less penetration of erythrocytes than is indicated by our 
figures. On general principles moreover it seems very improbable that any 
appreciable fraction of the body potassium could escape exchange after 
several days. 

The only explanation of these figures which we can think of is that 
Hevesy and Hahn used samples with a very slight contamination with 
sodium, say 0.01 per cent. 

According to the “Tentative Table of Yields” reported by J. G. Hamilton 
(University of California) at the Conference on Applied Nuclear Physics 
held at Cambridge, Mass., 1940, the yields of Na-^ and for the 60 
inch Berkeley cyclotron at 16 million volts are 10,000 and 50 microcuries 
per microampere hour. Thus 1 part of Na gives as many counts as 200 
parts of K. Moreover it maj'- be calculated that 1 cc. of plasma would con- 
tain about 0.006 per cent of the total body K as compared to 0.33 per cent 
of the total body Na. Hence in contributing to the final count in the 

plasma 1 part of sodium would be 200 X — 11,000 times as effective 

0.006 

as 1 part of K. Thus a contamination of Na of 0.01 per cent in the original 
KCl sample would make the final count just twice too high.^ The calcu- 
lated exchanges would then be twice too low. To avoid this error we have 
alwaj's added an equal weight of ordinary’’ NaCl to the sample to 

* Baker’s analyzed C.P. potassium chloride is stated to contain 0.02 per cent of Na. 
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•dilute any activated Na present, then precipitated out K as the per- 
chlorate, filtered and reduced to KCl in the presence of MnOa by heat. 
We believe that this precaution accounts for the discrepancy between our 
results and those of Hevesy and Hahn. 

In presenting our results we have made no attempt to calculate the 
exchange of cellular potassium after allowing for the fraction in each 
sample which must be assigned to the extracellular space. We recog- 
nize, however, the validity of this correction which was applied by Hevesy 
and Hahn although it does not significantly alter any of the conclusions. 

SUMMARY 

The distribution of radioactive potassium in the rabbit, cat and frog 
resembles in general the distribution in the rat as previously reported. 
The visceral organs take up the potassium more rapidly than skin, muscle, 
testis, brain and erythrocytes. During the first few hours after injection 
the ratio of to K®® in the liver and other viscera is usually higher than 
in the plasma. Further analysis of this finding, both theoretical and ex- 
perimental indicates that simple exchange of for K®® by diffusion is 
not an adequate explanation. An excess of potassium in the plasma is 
probably quickly removed by the viscera together with an anion and is 
slowly released to the muscles. 

In human subjects drinking solutions of radioactive potassium chloride 
determinations were made of the ratio of radioactivity to potassium in the 
urine. Calculation from these figures of the total exchangeable potassium 
of the body shows that man like the rabbit exchanges his body potassium 
less rapidly than the rat (50-60 per cent exchange in 12 hrs.). 

The evidence indicates that in all animals studied practically all the 
potassium of the body exchanges with the injected radioactive material 
in the course of a few days. 
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It has been reported previously (Wills and Fenn, 1938) that the potas- 
sium content of the submaxillary gland remained relatively constant 
during electrical stimulation. However, with pilocarpine injection the 
gland was found to lose potassium. The purpose of the present paper is 
to extend the original series of observations upon the effects of electrical 
and pilocarpine stimulations on the electrolyte content of the submaxillar 3 ’' 
gland to cover sodium, calcium, chlorine and phosphoms in addition to 
potassium. Further, some studies of the blood plasma contents of these 
elements during activitj’- of the gland were carried out, and a few deter- 
minations were made of pH and lactic acid in blood and saliva. 

Experimental. Cats or dogs anesthetised by intraperitoneal injection 
of Dial were used. The duct of one submaxillaiy gland was cannulated 
with a glass capillary. 

If the gland was to be stimulated by electrical excitation of the chorda 
tympani, the chorda-lingual trunk ipsilateral to the prepared gland was 
cut as close as possible to the bulla. The peripheral section was arranged 
for stimulation through platinum electi’odes from a thyratron with diphasic 
output. The saliva produced during the stimulation, which lasted for an 
average of 35 minutes, was collected in tared weighing bottles. At the end 
of the experiment the animal’s aorta was sectioned. The stimulated 
submaxillary gland and the control gland from the opposite side of the 
neck were removed as rapidly as possible, carefully freed of extraneous 
tissues and blood, and placed in tared weighing bottles. 

Two methods of stimulation with pilocarpine have been used. In one, 
the drag was injected into the general circulation through a femoral vein 
cannula. With this method the control gland had to be excised before 
commencement of stimulation. The second method of pilocarpine stimula- 
tion consisted of injection of the drag directty into the arterial circulation 
of the submaxillaiy gland from an arterial pump attached to the superior 
laiyngeal arteiy, all other branches of the external carotid artery except 
the submaxillarj'- dmsion of the external maxillaiy arteiy being blocked 
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off. the venous blood from the gland was diverted from the animal, 

as in the registration of blood flow, it was not necessary to remove the 
control gland until the end of this type of experiment. 

In those experiments in which blood flow from the gland was recorded, 
the blood was prevented from coagulating by intravenous injection of 18 
mgm. per kgm. body wt. of “Liquoid” (Hoffman-LaRoche) over a period of 
one-half hour. The venous blood was collected by placing a cannula in 
the external jugular vein after blocking off all tributaries except that from 
the submaxillary gland. Registration of blood and salivary flows by drops 
was achieved by use of an apparatus similar to that of Gesell (1929). 

Arterial samples were taken from the deep femoral artery, and venous 
samples were taken directly from theoutflow of the gland. Determination 
of the relative volumes of plasma and red cells in the blood samples was 
made after centrifugation at 3000 r.p.m. for thirty minutes in hematocrit 
tubes. Plasma samples were placed in tared weighing bottles. 

All samples were dried to constant weight at 100°C. for determination of 
Water content, and were then analysed. The samples were examined for 
chloride by the method of Van Slyke (1923) as modified by Wilson and 
Ball (1928) and Manery and Hastings (1939). Phosphorus was estimated 
by the method of Plimmer (1933), and calcium by that of Rappaport and 
Rappaport (1934). Phosphorus was removed before determination of 
sodium according to Overman and Garrett (1937). Sodium w^as deter- 
mined by the procedure of Ball and Sadusk (1936), with reduction by 
cadmium amalgam and titration with ceric sulfate as advocated by Holmes 
and Kirk (1936) . Potassium was determined by the method of Shohl and 
Bennett (1928) with the modifications recommended bj’- Fenn et al. (1938). 
When the same sample was to be examined for more than one element, a 
scheme similar to that of Cullen and Wilkins (1933) was used. pH was 
determined with a glass electrode, and lactic acid was estimated by the 
method of Koenemann (1940). 

This system of analysis yielded the folloudng average recoveries when 
known amounts (within the expected experimental limits) of the various 
elements were added to samples of powdered rabbit muscle: Na 101.1 per 
cent, K 100.0 per cent, Ca 96.0 per cent, Cl 101.5 per cent and P 100.0 
per cent. Standard deviations of the individual determinations from the 
mean were: Na ±11.7 per cent, K ± 1.2 per cent, Ca ± 4.3 per cent, 
Cl ± 2.1 per cent and P ± 10.7 per cent. The sodium method in par- 
ticular varied in reproducibility udth the amount of element actually 
determined. When 0.2 mgm. of sodium was used, the standard deviation 
from the mean was ±26.2 per cent. However, when 0.5 mgm. of sodium 
was used in the analysis, the standard deviation from the mean was only 
±1.7 per cent. Therefore, an attempt was made to have more than 0.5 
mgm. of sodium in all samples analysed for that element. 
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The statistics used in this work, essentiallj^ those of Fisher (1936), are 


s 



Sd 


X. 


= 1/; 

i/. 


+ SXo- 
7li Tlz — 2 


niTiz 
ni + 712 


s is the standard deviation of a single determination from the mean, so is 
the standard deviation of the differences of two means, X is the deviation 
of a single determination from the mean, X, and n is the number of deter- 
minations in the series. The difference between two means was considered 
significant if the chance probability of its being zero was 5 per cent or less 
by the “t” test. 

Table 1 shows averages of analyses of control and stimulated submaxil- 
lary glands of cats for water, sodium, potassium, calcium, chlorine and 
phosphorus. Stimulation was produced by either electrical excitation of 
the chorda tympani or by injection of pilocarpine. In the same table are 
average values for the rates of salivary secretion, for the salivary concen- 
trations of the various electrolytes, and for the outputs in the saliva and 
intakes from the blood of the different elements. The last two quantities 
were calculated from the experimental measurements by the following 
formulae; 


Output of element in m.eq. per 100 grams dry 

wt. of gland per hour = F5 


Intake of element in m.eq. per 100 grams dry 
wt. of gland per hour 


= 7^1 + 


m{E, - Ec) 
t 


V is the milliliters of saliva secreted per gram dry weight of the gland per 
hour, S is the milli-equivalents of element per 100 ml. of saliva, E is the 
milli-equivalents of element per 100 grams dry weight of gland, i is the 
duration of secretion in minutes, and the subscripts s and c refer respec- 
tively to values for stimulated and control glands. 

From table 1 it will be seen that, in cats, the composition of the saliva 
produced during stimulation of the submaxillary gland with pilocarpine 
was not significantly different from that of the saliva secreted during chorda 
excitation so far as potassium, calcium and phosphorus were concerned. 
However, the pilocarpine saliva had strikingly greater concentrations of 
sodium and chlorine. Asher (1908) had previously found that the NaCl 
content of the saliva was increased by intensive pilocarpine stimulation, 
and Madesco and Nichita (1939) reported that intravenous injection of 
pilocarpine increased the chloride content of the saliva and slightly de- 
creased that of the blood. 
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Such effects upon the composition of the saliva cannot be attributed to 
differences in rate of secretion with chorda and pilocarpine stimulations 
of the submaxillary gland. According to the work of Werther (1886), 
Gregerson and Ingalls (1931), Bienka and Szczepanski (1936), Brown and 
Klotz (1937), Bramkamp (1937) and Kesztyiis and Martin (1938a), both 
sodium and chlorine increase in concentration in the saliva with an increase 
in rate of secretion. On this basis the sodium and chlorine concentrations 
of pilocarpine saliva should have been somewhat lower than those of chorda 
saliva, for from table 1 it can be seen that the average rate of saliva pro- 
duction after pilocarpine injection was slight^ below that with chorda 


TABLE 1 


Eleclrolyles of submaxillary glands of cats during stimulation (per 100 grams dry 
weight of gland or per 100 ml. of saliva) 


ELEMENT 

DETERMINED 

anMELEs 

1 

y. 

ca 

b. ® 

§i 

s; 

CONTROL 

GLAND 

STIMULATED 

GLAND 

SALIVA 

TURNOVER BY 
GLAND 

Water 

(ml.) 

Element 

(m.eq.) 

Water 

(ml.) 

Element 

(m.eQ.) 

Flow 

(ml./ 

hour) 

Element 

(m.eq.) 

Intake 

(m.eq./ 

hour) 

Output 

(m.eq./ 

hour) 

xt 

at 

X 

8 


6 

X 

8 

X 

« 

X 

s 

X 

8 

X 

s 

Sodium 

Chorda 

19 

308 

40 

16.5 

11.2 

353 

64 

26.0 

18.2 

6210 

3750 

1.7 

1.7 

134.4 

121.7 

115.2 

113.7 

Sodium 

Pilocarpine 

12 

312 

32 

12.3 

3.0 

372 

56 

30.7 

20.5 

4360 

2000 

5.5 

3.5 

296.7 

207.0 

262.7 

217.7 

Potassium 

Chorda 

36 

314 

20 

35.6 

3.8 

358 

49 

35.8 

4.3 

4570 

2560 

0.91 

0.34 

39.2 

21.5 

39.0 

21.0 

Potassium 

Pilocarpine 

27 

308 

27 

33.7 

3.2 

330 

60 

26.0 

3.4 

4410 

1860 

0.89 

0.17 

22.6 

14.1 

38.2 

17.0 

Calcium 

Chorda 

C 

314 

19 

3.5 

0.5 

325 

45 

4.2 

0.7 

4530 

1930 

0.31 

0.13 

13.8 

4.2 

12.4 

5.1 

Calcium 

Pilocarpine 

6 

320 

29 

3.9 

1.2 

362 

36 

3.0 

0.7 

3980 

1600 

0.22 

0.06 

7.1 

4.4 

8.8 

4.2 

Chlorine 

Chorda 

22 

301 

36 

20.1 

10.1 

342 

47 

30.9 

12.0 

5440 

3030 

1.9 

1.4 

124.6 

84.8 

102.6 

82.1 

Chlorine 

Pilocarpine 

12 

312 

32 

24.0 

1.9 

372 

56 

36.5 

8.7 

4360 

2000 

4.5 

1.8 

227.3 

141.4 

203.4 

134.4 

Phosphorus* 

Chorda 

6 

314 

19 

23.6 

5.7 

325 

45 

24.8 

6.5 

4530 

1930 

0.14 

0.08 

8.0 

3.9 

5.6 

3.3 

Phosphorus 

Pilocarpine 

6 

320 

29 

23.4 

6.7 

362 

36 

23.3 

6.3 

3980 

1600 

0.18 

0.08 

6.4 

2.5 

6.4 

3.0 


* All phosphorus figures in this paper are tor total phosphorus. For calculation of the milliequivalents of 
clement in a sample the phosphorus was assumed to have an effective valence of one. 
t The average of the experimental values making up the sample. 

t The standard deviation (±) of a simple determination. The standard deviation of the mean may be ob- 
tained by dividing this value by the square root of the number of individual determinations in the sample. 


stimulation. It thus appears that pilocarpine had some specific effect in 
increasing the sodium and chlorine concentrations in the saliva. 

Table 1 also shows that the only clearlj’- significant changes in the com- 
position of the submaxillary glands of cats during stimulation bj^ electrical 
excitation of the chorda tympani were gains of water and chlorine. The 
probability that the gain in sodium was not real is only about 6 per cent 
so that there may also have been an increase in the concentration of sodium 
in the gland. The calculated intakes from the blood were greater than 
the outputs in the saliva for all elements, but not significantly. 

ItTien pilocarpine stimulation was used, there were plainly significant 
gains of sodium and chlorine and a significant loss of potassium by the 
gland. The probability that there was no increase in the water content 
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of the gland is about 7 per cent. Potassium was the only element for which 
the intake was significantly different from the output. The average intake 
of potassium by the gland during pilocarpine stimulation was only 59.2 
per cent of the average output in the saliva. 

Table 2 contains data from a small series of dogs, the quantities measured 
being the same as those in table 1. It will be seen that here the saliva 
produced during pilocarpine stimulation had somewhat higher concentra- 
tions of calcium and phosphoms and a somewhat lower concentration of 
potassium than that produced during chorda stimulation. In these 
experiments the average rate of secretion with pilocarpine injection was 
only slightly greater than one-half that with chorda stimulation. It seems 

TABLE 2 


Electrolytes of suhmaxillary glands of dogs during stimulation (per 100 grams dry 
weight of gland or per 100 ml. of saliva) 


ELEMENT 

petehmined 

STIMOLUS 

CONTHOL 

GLAND 

8TtMnl.ATED 

OPAND 

SALIVA 

tttrnover by 

GLAND 


Element 

(m.eq.) 

Water 

(ml.) 

Element 

(m.eq.) 

Flow 

(ml./ 

hour) 

Element 

(m.eq.) 

Intake 

(m.eq./ 

hour) 

Output 

(m.eq./ 

hour) 


8 

X 

8 

X 


X 

8 

gj 

H 

X 

8 

m 

B 

B 

B 

Sodium 

Chorda 

315 

14 

7.0 

1.5 

335 

8 

20.4 

8.0 

s 


10.7 

2.3 

370 

89 

343 

81 

Sodium 

Pilocarpine 


15 

12.2 

4.3 

328 

25 

18.3 

6.0 

1620 

1080 

10.7 

5.3 

ISS 

126 

176 

120 

Potassium 

Chorda 

315 

14 

43.7 

2.6 

335 

8 

44.0 

2.3 

2990 

1040 

1.7 

0.1 

57.1 

18.9 

56.5 

15.4 

Potassium 

Pilocarpine 


IS 

44.7 

0.4 

328 

25 

38.5 

IE 


1080 

1.3 

0.2 

9.2 

0.8 

21.0 

13.0 

Calcium 

Chorda 

315 

14 

1.1 

0.3 

335 

8 

1.2 

0.3 

2990 

1040 

0.12 

0.C6 

4.2 

1.5 

3.9 

1.5 

Calcium 

Pilocarpine 

306 

15 

1.2 

0.4 

328 

25 

1.3 

0.2 

1620 

lOSO 


0.C6 

4.2 

2.3 

4.1 

2.6 

Chlorine 

Chorda 

315 

14 

18.8 

0.5 

335 

8 

20.7 

3.3 

2990 

1040 

6.8 

1.3 

222 

31 

217 

31 

Chlorine 

Pilocarpine 

Eiia 

15 

20.6 

2.5 

328 

25 

20.7 

7.3 

1620 

1080 

7.3 

3.2 

118 

69 

119 

72 

Phosphorus 

Chorda 

315 

14 

10.8 

0.0 

335 

8 

13.2 

1.0 

2990 

1040 

iiliM 

0.02 

6.5 

1.2 

1.9 

0.7 

Phosphorus 

Pilocarpine 

308 

IS 

9.8 

1.0 

328 

25 

U.2 

0.9 

1620 

1030 

0.20 

0.05 

6.3 

4.0 

3.6 

3.1 


XTpelve animals are represented in this table, the submaxillary glands of six being stimulated by chorda 
excitation and those of the other six by pilocarpine injection. All samples were analysed for all the substances 
mentioned in the table. Therefore, each figure is the average of six analyses except those for salivary concen- 
trations of the elements, intakes and outputs during chorda stimulation. Those figures are averages from 
five experiments, one saliva sample having been lost. 


likely, therefore, that at similar rates of flow pilocarpine and chorda salivas 
of dogs would show the same chief differences of composition as do those 
of cats. 

The average concentrations of sodium and chlorine in dog saliva were 
somewhat higher than those previous^ found (Gregersen and Ingalls, 
1931; Kesztyiis and Martin, 1938a), and the average calcium concentration 
was only half that given by the above authors. No ready explanation for 
these differences can be found. 

Fi’om table 2 it can be seen also that in dogs the submaxilla r}’’ gland 
gained water, sodium and phosphorus during electrical stimulation. 
During pilocarpine stimulation also it gained phosphoms. The pho.s- 
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phorus results agree fairly well with those of Scoz and Lazari (1934), who 
found that most of the change was in the nucleic and fatt}'- acid phosphate. 
With pilocarpine stimulation the probabilities that the increases in water 
and sodium concentrations were not real are respectively 10 per cent and 
8 per cent. Phosphoius with chorda stimulation was the only element to 
have a significantly greater intake by the gland than output in the saliva. 
Potassium with pilocarpine stimulation had an average intake only 43.8 
per cent of the output, but the probability that this difference was not real 
was 8 per cent. However, the potassium concentration in the gland did 
decrease significantly during pilocarpine stimulation. This indicates that 
there was actually less intake of potassium by the gland from the blood 
than was put out in the saliva during this type of stimulation. 

Upon comparing the results of the experiments with cats and dogs it 
appears probable that in cats chlorine moved into the gland with sodium, 
while in dogs the anion accompan 3 ’ing sodium is not readity identifiable. 
It is of interest that in both dog and cat with pilocarpine stimulation 
potassium probably could be said to pass out of the gland in exchange for 
sodium, as it does in active muscle (Fenn and Cobb, 1936; Fenn et al., 
1938). 

Table 3 contains some average values for arterial and venous plasma 
concentrations of potassium in cats, rvith averages of various other quanti- 
ties from the same experiments. In addition, the results of a few indi- 
vidual experiments in which analyses for sodium, calcium, chlorine and 
phosphorus were also carried out are shown. Both electrical and pilo- 
carpine stimulations were used. R represents the percent of plasma in 
whole blood, h is the rate of venous blood flow through the gland in milli- 
liters per 100 grams dry weight of gland per hour, s is the secretion rate 
in milliliters per 100 grams dry weight of gland per hour, I is the intake of 
element by the gland in milli-equivalents per 100 grams dry weight of 
gland per hour, E represents the concentration of element in plasma in 
milli-equivalents per 100 ml., and the subscripts a and v indicate respec- 
tively arterial and venous values. 

By comparing the figures for arterial and venous plasmas in this table 
it can be seen that in general the venous plasma was more concentrated 
with respect to sodium and chlorine than the arterial. These two ele- 
ments are such a large part of the total eleetrotyte of the plasma that the 
venous blood alwaj^s had a higher total electrolyte concentration in its 
plasma than the arterial blood, indicating that the submaxillarj'- gland was 
doing osmotic work by abstracting from the blood more water than salts. 
This agiees ■with the known fact that the saliva is more dilute than the 
plasma. From the average potassium figures it can be seen that with 
chorda stimulation the plasma in passing through the gland became less 
concentrated with respect to potassium, while after pilocarpine injection 
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it became more concentrated. This finding can probably be explained 
by the smaller intake of potassium from the blood by the gland during 
pilocarpine stimulation, and by the previous demonstration that for a given 
saliva flow the blood flow through the gland with pilocarpine stimulation 
was considerably smaller than with chorda excitation (Wilis, 1941). 

It should be possible to calculate the venous plasma concentration of an 
element from the other quantities in table 3 by the following expression: 

„ __ EaRcih + .s) - 10,0007 



The figures in the last column of the table were obtained in this way. 
When the calculated venous plasma concentrations are compared with the 
actual ones it is found that the agreement is not very good. This is not 
surprising in view of all the chances for error in the data, and it is held to 
be distinctly encouraging that for 63 per cent of the attempts it was pos- 
sible to predict by this expression the direction of the change in plasma 
concentration. 

By comparing the figures for arterial and venous blood plasma concen- 
trations of the various elements in table 3 with those for saliva concentra- ' 
tions in table 1, it can be seen that the saliva concentration of none of the 
elements studied in this paper was intermediate to the arterial and venous 
plasma concentrations of the same element. The concentration of potas- 
sium in the saliva was greater than that in either arterial or venous plasma, 
and the saliva concentrations of the other elements were lower than the 
respective concentrations in plasma. It thus appears that the submaxillary 
gland in some way passes into the saliva from the blood proportionately 
more potassium and water than the other substances studied. These 
findings agree with those of deBeer and Wilson (1932) for parotid saliva 
of dogs except in the case of calcium. These authors found that the 
calcium content of the parotid saliva obtained by pilocarpine stimulation 
was greater than that of blood serum. Kesztyiis and Martin (1938b),' 
however, reported that in the dog the saliva elicited by chorda stimulation 
had a calcium concentration between those of arterial and venous bloods. 
It has already been pointed out that the values for saliva calcium found 
in the present work are lower than those previously reported although the 
blood plasma figures are satisfactory. The location of the error awaits 
further work. 

Table 4 contains the average results of some experiments in which arte- 
rial, venous and saliva samples were collected under oil for determination 
of pH. The samples were then equilibrated at room temperature with a 
mixture of 5 per cent carbon dioxide and 95 per cent ox 3 ’’gen, and the pH 
redetermined. The latter procedure gives a measure of changes in the 
alkali reserve. The figures show that the saliva was always more basic 
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than the blood, agreeing with the work of Brassfield (1936). The fact 
that pilocarpine saliva became more basic after equilibration with the 5 
per cent GOa-QS per cent 0^ mixture while chorda saliva became more acid 
must mean that with pilocarpine stimulation the CO 2 tension in the saliva 


TABLE 3 

Electrolytes in hlood passing through suhmaxillary glands of cats during stimulation 
See text for definition of column headings 


experi- 

ment 

NUMBER 

STIMULUS 

ELEMENT 

Ra 

Hv 

b 

S 

1 

Ea 

Er 

Obs. 

Calc. 

28 

Chorda 

Sodium 

49.6 

53.8 

8200 

2939 

26.3 


21.6 

18.2 



Potassium 








0.45 



Calcium 





■nici 

0.62 


0.54 



Chlorine 





92.6 

12.1 

13.7 

13.0 



Phosphorus 





9.1 



0.39 

30 

Chorda 

Sodium 

46.7 

44.4 

12,740 

1407 

9.0 

14.7 

19.1 

17.0 



Potassium 





20.2 


0.44 




Calcium 





8.6 

IlMiS 

0.42 

0.65 



Chlorine 





42.9 

11.4 

14.6 

12.5 



Phosphorus 





8.3 


0.39 

0.19 

31 

Chorda 

Sodium 

65.2 

65.8 

39,670 

3881 

40.5 

8.1 

16.1 

8.7 



Potassium 





48.1 


0.68 

0.50 



Calcium 





12.9 

UKlI 

0.44 

0.94 



Chlorine 





76.4 

12.9 

12.2 

13.7 



Phosphorus 





B 


0.37 

0.43 

Average of 12 

Potassium 

m 


17,865 

2641 

40.4 

0.56 

0.50 

0.46 

29 

Pilocarpine 

Sodium 

58.1 

51.6 

9945 

2988 

64.5 

16.2 

17.7 

22.4 



Potassium 





2.8 

0.57 

0.74 

0.78 



Calcium 





3.7 

0.60 

0.53 

0.81 



Chlorine 





92.5 

12.2 

14.2 

16.1 



Phosphorus 






0.33 

0.48 

0.33 

32 

Pilocarpine 

Sodium 

53.9 

46.0 

19,460 

5296 


10.0 

15.5 

11.2 



Potassium 





26.8 

0.34 

0.37 

0.21 



Calcium 





7.2 

0.51 

0.45 

0.68 



Chlorine 





133.2 

12.5 

14.4 

17.1 



Phosphorus 





4.5 

0.25 

0.34 

0.32 

Average of 20 

Potassium 

58.4 


22,535 

3740 

29.8 

0.53 

0.62 

0.55 


was greater than that corresponding to 5 per cent CO 2 while with chorda 
excitation it was less. The higher COo tension in pilocarpine saliva as 
compared with chorda saliva would explain the greater secretion of bi- 
carbonate in the former type of saliva found by McCIanahan and Amber- 
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son (1935). The values of blood pH after equilibration support the sug- 
gestion of these authors that the large elimination of bicarbonate in the 
saliva during pilocarpine administration might lead to a considerable 
diminution in the alkali reserve of the blood. 

Table 5 contains some figures for the lactic acid concentrations of arte- 
rial and venous plasmas and of saliva. The figures show that the blood 
lactic acid was definitelj’- increased during activit}'- of the submaxUlarj^ 
gland following either type of stimulation. It is interesting that there 
was more than three times as much lactic acid in pilocarpine saUva as in 
chorda saliva, although there was no marked difference in the rates of 
secretion vdth the two types of stimuli. This finding is in agreement with 
the work of Vladesco and Nichita (1936) in which it was found that in the 

TABLE 4 


pH of blood and submaxillary saliva of cats 


snMXTLtrs 

NUMBER 

ARTERIAI* BLOOD 

VENOUS BLOOD j 

SALIVA 

OF EXPERI- 
MENTS 

1 As drawn 

, 5 per cent 
COj 

As drawn 

5 per cent 
COj 

As dra^^Ti 

5 per cent 
CO: 

Chorda 

5 


mm 

mm 

warn 


7.43 

Pilocarpine — 

3 


m 


mm 


7.63 


TABLE 5 


Lactic acid content of blood and submaxillary saliva of cats (mgm. per cent) . 


STIMULUS 

' NUMBER OF 
EXPERIMENT 

ARTERIAL 

BLOOD 

VENOOS BLOOD 

^ SALIVA 

|_ 

Resting 

1 

7.40 



Chorda 

2 

6.62 



Pilocarpine 

2 

6.95 


Bv 


dog pilocarpine saliva contained on the average 3.6 times as much lactic 
.acid as chorda saliva. However, these authors also found that the venous 
blood from the gland after pilocarpine injection contained almost twice 
as much lactic acid as did that collected during chorda stimulation. The 
lactic acid concentrations of venous bloods vdth pilocarpine and chorda 
stimulations in our cats were essentially the same, indicating perhaps a 
somewhat different effect of pilocarpine on the metabolism of the sub- 
maxillaiy gland in dog and cat. 

Such increased lactic acid excretion in the saliva during pilocarpine 
injection maj’- aid in explaining the greater output of base with this t 3 'pe 
of stimulation. From table 1 it can be seen that the increased output of 
sodium in the saliva with pilocarpine stimulation as compared vdth chorda 
excitation was not completeh’- balanced bj' the increase in chlorine output. 
This discrepancj' amounted to 1.2 ni.eq. for 100 ml. of saliva. It can be 
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■calculated that, as a rough approximation, the greater bicarbonate secre- 
tion in pilocarpine saliva can account for 1.1 m.eq. of this excess sodium, 
while the relatively large lactic acid excretion in the saliva during pilo- 
carpine administration can account for about 0.1 m.eq. 

The findings that pilocarpine saliva contained several times as much 
lactic acid as chorda saliva and had a greater CO 2 tension are perhaps 
■correlated with the previous demonstration that at equal rates of secretion 
the submaxillary gland stimulated with pilocarpine had less blood circu- 
lating through it than the gland stimulated by chorda excitation (Wills, 
1941). Such relative ischemia of the gland stimulated by pilocarpine 
injection would result in less removal of lactic acid and CO 2 from the active 
tissue by the blood, and this in turn would mean that the saliva during 
its production would be in equilibrium udth higher concentrations of these 
two substances. Hence, the CO 2 tension and lactic acid concentration in 
pilocarpine saliva should be greater than those of chorda saliva. 

SUMMARY 

During stimulation by pilocarpine injection the submaxDlary glands of 
both dogs and cats were found (probably) to gain water and sodium while 
losing potassium. During stimulation by chorda excitation the gland 
gained water and sodium without losing an important amount of any of 
the other elements determined. 

The submaxillarj’' saliva secreted in response to injection of pilocarpine 
differed from chorda saliva by having higher concentrations of sodium and 
•chlorine. The pilocarpine saliva of cats also contained about 3.7 times as 
much lactic acid as chorda saliva, and had a greater CO 2 tension. 

The submaxillary glands of cats did osmotic work during secretion, 
concentrating the plasma with respect to the sum of the electrolytes 
studied. The gland apparently abstracted from the blood and passed 
into the saliva proportionate^^ more water and potassium than other 
electroh'tes. 

None of these findings explains the unique loss of potassium by the sub- 

maxiilaiy gland after pilocarpine injection. 
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The role of the adrenal cortical hormone in regulating carbohydrate 
metabolism has been subject to much investigation during the past decade 
(1, la). It has already been shown (la, 2,3,4) that adrenalectomized animals 
have a decreased ability to form carbohydrate from non-carbohydrate 
precursors and that patients Mth Addison’s disease (5) and adrenalecto- 
mized animals (4) utilize available carbohydrate more rapidly than normal 
controls. This increase in carbohj'-drate utilization can be depressed by 
treatment with aqueous adrenal cortical extract, corticosterone or ly-hj’-- 
droxy-ll-dehydro-corticosterone (4, 5, 6). 

The ability of liver slices of normal rats to form measurable quantities 
of carbohydrate has been reported by Gemmill (7). More recently 
Holmes and Lehmann (8) reported that they observed no difference in the 
formation of total carbohydrate from lactate in liver slices of normal and 
adrenalectomized rats. It has been shown in other studies (9, 10, 11) 
that the adrenal cortical hormone increases the oxygen consumption of 
liver and kidney slices "with or vdthout the addition of substrate. 

It seems reasonable to infer from data obtained on intact animals that 
the adrenal cortical carbohydrate-regulating factor exerts a pronounced 
effect on the liver. As this assumption has not been proved, an attempt 
has been made in this study to increase our understanding of the action of 
the adrenal cortex by investigating the effect of adrenal cortical hormone 
on the formation of total carbohydrate in liver slices. 

Methods. Rat liver slices were studied in vitro by means of the War- 
burg apparatus. Tissue was obtained from 200 to 250 gram rats of the 
Sprague-Dawley strain maintained on a diet of Purina dog chow. The 
rats were grouped as follows: a. Normal rats. b. Adrenalectomized rats. 

‘ A preliminary report was presented at the annual meeting of the American 
Physiological Society in Chicago, April 18, 1941. 

= This study was aided by a grant from the Committee on Research in Endo- 
crinology, National Research Council. 

’ .Tohn H. Harris Fellow-in-Medicine. 
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c. Normal rats treated with adrenal cortical extract, d. Adrenalecto- 
mized rats treated with adrenal cortical extract. Adrenalectomized rats 
were maintained in good condition by the addition of 1 per cent sodium 
chloride to the drinking water. The completeness of adrenalectomy was 
confirmed by post-mortem examination and by finding a lower-than-normal 
total carbohydrate content of the liver follondng a 24-hour fast. The 
treated animals (groups c and d) were given a single injection of 5 ml. of 
adrenal cortical extract (Wilson^) intraperitoneally one hour before the 
animals were sacrificed. 

Follo%ving a 24-hour fast the animals were stunned by a sharp blow on 
the head, decapitated and the liver removed and placed in cold Ringer’s 
solution. Slices of liver less than 0.3 mm. in thickness were cut bj’- hand, 
weighed on a torsion balance and placed directly into Warburg vessels, 
each containing 2 ml. of the appropriate media. Approximately 80 mgm. of 
tissue were used in each vessel. All experiments were carried out at a 
temperature of 37.4°C. using a gas phase of 100 per cent oxj’-gen. 

The following substrates were used: 1. Phosphate-buffered Ringer’s 
solution. 2. d-Lactate (Pfanstiehl) 0.4 per cent. 3. Pyruvate (Eastman) 
0.4 per cent. 4. d-l-Alanine (Eastman) 0.4 per cent. 5. d-Glutamate 
(Eastman) 0.4 per cent. All substrates were dissolved in phosphate- 
buffered Ringer’s solution and the pH adjusted to 7.4 with sodium hy- 
droxide. 

The total carbohydrate content of the liver slices in some vessels was 
determined ten minutes after the vessels were placed in the Warburg 
apparatus. This was designated as initial value. Final total carbohy- 
drate determinations were made on the slices in the remaining vessels after 
2| hours. The oxygen consumption was measured at | hour intervals dur- 
ing the last 2 hours of this period. Carbon dioxide was removed by means 
of 0.1 ml. of 20 per cent potassium hydroxide placed on filter paper in the 
center well of the Warburg vessel. 

To determine total carbohydrate, the slices and media were transferred 
into a 40 ml. centrifuge tube containing 1 ml. of 4 N sulphuric acid, the 
Warburg flask being rinsed with 1 ml. of distilled water. Thus the re- 
sulting concentration of sulphuric acid in the centrifuge tube was 1 N- 
This mixture was then hydrolyzed for three hours in a boiling water bath. 
After neutralization vdth sodium hydroxide, protein was precipitated by 
the zinc sulfate-sodium hydroxide method of Somogjd (12)®. Glucose 
was then determined by the Schaffer-Hartmann method (14). Values 
were expressed as milligrams of carbohj^drate per 100 mgm. of tissue (wet 
weight). 

^ ■' The adrenal cortical extract was supplied through the courtesy of Dr. David 
Klein, Wilson Laboratories, Chicago, HI. 

‘Mirsky and Somogyi (13) have recently pointed out that the use of the zinc- 
sodium hydroxide method of deproteinization gives a low absolute sugar value. 
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Observations. I. Formation of carhohydrate hy liver slices, (a) 
Ringer’s solution without added substrate. Liver slices of all four groups of 
rats formed a constant but small quantity of total carbohydrate in a 
medium of Ringer’s solution 'without added substrate (table 1, fig- !)• 
Neither adrenalectomy nor treatment noth adrenal cortical extract af- 
fected the rate of formation of total carbohydrate in this medium. 

(b) Ringer’s solution + d-l-alanine O .4 per cent. The amount of total 
carbohydrate formed from d-l-alanine was approximately the same as the 
endogenous formation in a medium of plain Ringer’s solution (table 2). A 
limited number of experiments were carried out with substrates of d-alanine 


TABLE 1 


Effect of adrenal cortical hormone on the synthesis of total carbohydrate in rat liver slices 

Media; Ringer's solution 


SOURCE OF UVEB SIACES 

ItmiBER 
OP 8UCES 

INCREASE IN 
TOTAL CARBOHr- 
DRATE (mean)** 

DIFFER- 

ENCE 

BETWEEN 

MEANS 

Normal untreated 

15 

0.07 ±0.035t 
0.06 ±0.033 


Adrenalectomized untreated 

10 

-0.01 

Normal untreated 

15 

0.07 ±0.035 

Normal treated* 

10 

0.11 ±0.075 

-1-0.04 

Adrenalectomized untreated 

10 

0.06 ±0.033 
0.04 ±0.036 

Adrenalectomized treated* 

9 

-0.02 



* Five cubic centimeters of Wilson adrenal cortical extract (see Methods). 

** Mgm. per 100 mgm. tissue. 

t Standard deviation, 

t “P” derived by use of Fisher’s table of “t” (15). 

_ Difference between the means 

Standard error of the difference between means 
In comparing two groups the difference between the means is significant if P is <0.05. 

§ Cubic millimeters of oxygen per hour per milligram of tissue (wet weight) 
Tables 8 and 9. 



and 1-alanine and it was found that neither of these substances increased 
the rate of total carbohydrate formation in liver slices of normal rats. 
These obseiwations are at variance with those reported by Cross and 
Holmes (16) and Stadie et al. (17). Furthermore, neither adrenalectom 3 ’’ 
nor treatment i\1th adrenal cortical extract altered significantly the 

amount of carbohydrate formed from d-I-alanine by rat liver slices (table 
3, fig. 1). 

(c) Ringer’s solution 4- d-glutamate O .4 per cent. When d-glutamate 
was used as a substrate, liver slices of all four groups of animals formed a 
greater amount of carbohydrate than in a medium of plain Ringer’s solu- 
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tion (table 2). This iacrease was of the same magnitude in three of the 
four groups, i.e., normal, adrenalectomized and adrenalectomized treated 
with adrenal cortical extract (table 4, fig. 1). The increase in total carbo- 
hydrate formation in the normal rats treated with hormone, however, was 
only 0.21 as compared to an increase of 0.30 in the untreated controls. 

(d) Ringer’s solution pyruvate 04 cent. There was a marked in- 
crease in total carbohydrate formation in the liver slices of all groups in a 
medium which contained pyruvate (table 2). However, the carbohydrate 


% 

a0| 


□ NORMAL CONTROL 
■ NORMAL TREATED 

□ adrenalectomized CONTROL 

ED adrenalectomized treated 



1 

- RNAL 

INITIAL - 

_ 




Fig. 1. Effect of adrenal cortical hormone on synthesis of total carbohydrate by 
rat liver slices. Total CHO content of liver slice. 


inci'ement was onlj'’ 0.44 in liver slices from adrenalectomized I’ats as com- 
pared to 0.64 in liver slices of normal rats (table 5, fig. 1). 

The total carbohydrate formation in the presence of P 3 uuvate in normal 
rats treated vdth adrenal cortical extract was increased to 0.87 as compared 
with a normal increment of 0.64 (table 5, fig. 1). The liver slices of adrenal- 
ectomized rats treated vdth adrenal cortical extract showed the most 
marked carbohj'drate formation from pyruvate, the increase being 1.18 as 
compared to 0.44 in the untreated adrenalectomized group (table 5, fig- 1)* 
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(e^ Rinaer’s solution + d-lactal£ 04 Ver cent. Carbohydrate formation 
was markedly increased in all groups by the addition of d-lactate to the 
medium (table 2). With this substrate the normal and adrenalectomized 
groups did not differ significantly (table 6, fig. 1) but a further increase in 

TABLE 2 


Effect of substrate on the synthesis of total carbohydrate in rat liver slices 


BCBBTOATE 

- 

KORMAI. 

ADRBNAI.ECTOMtZED 

Number 
of slices 

Increase in 
total carbohy- 
drate (mean) 

Differ- 

ence 

be- 

tween 

means 

‘‘P"t 

Number 
of slices 

Increase in 
total carbohy- 
drate (mean) 

Differ- 

ence 

be- 

tween 

means 

"F’t 

Ringer's solution. . . 

15 

0.07±0.035t 



10 

0.06±0.035t 



d ,1- Alanine 

12 

0.07 iO. 050 

0 


10 

0.10 ±0.048 

+0.04 

0.04 

Ringer’s solution. . . 

15 

0.07 ±0.035 



10 

0.06 ±0.033 



d-Ghilainatc 

10 

0.30 ±0.085 

-1-0.23 

<0.01 

9 

0.28 ±0.093 

+0.22 

<0.01 

Ringer’s solution. . . 

15 

0.07 ±0.035 



10 

0.06 ±0.033 



Pyruvate 

9 

0.64 ±0.173 

-1-0.57 

<0.01 

10 

0.44 ±0.118 

+0.38 

<0.01 

Ringer’s solution. . . 

15 

0.07 ±0.035 



10 

0.06 ±0.033 



d-Laciaie 

20 

0.54 ±0.141 

-1-0.47 

<0.01 

14 

0.56 ±0.230 

+0.50 

<0.01 


TBEA.TED* 

ADRENAtiECTOiUZED TREATED* 




Differ- 


. ^ 


Differ- 



a ^ 

Increase in 

ence 


ft s 

Increase in 

ence 



’c*« 

total carbohy- 

be- 

••F’} 


total carbohy- 

be- 

"F’t 



dtate (mean) 

tween 



drate (mean) 

tween 





means 




means 


Ringer’s solution. . . 

10 

0.11±0.075t 



9 

0.04±0.036t 



d ,1- Alanine 

9 

0.08 ±0.052 

-0.03 

0.30 

10 

0.12 ±0.053 

+0.08 

<0.01 

Ringer’s solution. . . 

10 

0.11 ±0.075 



9 

0.04 ±0.036 



d-Glvtamaic 

10 

0.21 ±0.068 

-fO.lO 

<0.01 

10 

0.29 ±0.051 

+0.25 

<0.01 

Ringer’s solution. . 

10 

0.11 ±0.075 



9 

0.04 ±0.036 



Pyruvate 

10 

0.87 ±0.243 

+0.76 

<0.01 

11 

1.18 ±0.150 

+1.14 

<0.01 

Ringer’s solution. . 

10 

0.11 ±0.075 



9 

0.04 ±0.036 



d-Lactatc 

8 

0.89 ±0.263 

+0.7S 

<0.01 

6 

0.85 ±0.135 

+0.81 

<0.01 


See table 1 for footnotes. 


carbohydrate synthesis (from 0.54 to 0.89) was noted in the normal group 
treated with adrenal cortical extract. The adrenalectomized treated 
group also showed a marked rise in carbohydrate formation increasing from 
0.56 to 0.85. 

II. The total carbohydrate content of liver follovring a 24.-hour fast. Fol- 
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lovsing a 24-hour fast, the total carbohydrate content of liver of adrenal- 
ectomized animals was much lower than that of the normal group (table 
7). Adrenal cortical extract injected one hour prior to removal of the 
liver raised the average total carbohydrate content of the liver of normal 
rats from 0.75 to 0.98 but did not alter the carbohydrate content of the 
liver of adrenalectomized rats. These observations indicate that the ac- 

TABLE 3 

Effect of adrenal cortical hormone on the synthesis of total carbohydrate in rat liver slices 


Media; Ringer’s solution 4- d-l-Alanine 0.4 per cent 


SOURCE OF LIVER SLICES 

NUMBER 
OF SLICES 

INCREASE IN 
TOTAL CARBOHY- 
DRATE (mean) 

DIFFER- 

ENCE 

BETWEEN 

MEANS 

‘■p”t 

Normal untreated 

12 

0.07 iO.OSOt 



Adrenalectomized untreated 

10 

0.10 ±0.048 

+0.03 

0.20 

Normal untreated 

12 

0.07 ±0.050 



Normal treated* 

9 

O.OS ±0.052 

+0.01 

0.70 

Adrenalectomized untreated 

10 

0.10 ±0.048 



Adrenalectomized treated* 

10 

0.12 ±0.053 

-{-0.02 

0.70 

[ 


See table 1 for footnotes. 


TABLE 4 


Effect of adrenal cortical hormone on the synthesis of total carbohydrate in rat liver slices 
Media: Ringer’s solution -f- d-glutamate 0.4 per cent 


SOURCE OF LIVER SLICES 

NUMBER 
OF SLICES 

INCREASE IN 
TOTAL CARBOHY- 
DRATE (mean) 

DIFFER- 

ENCE 

BETWEEN 

MEANS 


Normal untreated 

10 

0.30 ±0.085t 
0.28 ±0.093 



Adrenalectomized untreated 

9 

-0.02 

0.60 

Normal untreated 

10 

0.30 ±0.085 


Normal treated* 

10 

0.21 ±0.068 

-0.09 

0.02 

Adrenalectomized untreated 

9 

0.28 ±0.093 

1 

Adrenalectomized treated* 

10 

0.29 ±0.051 

+0.01 

o.so 




See table 1 for footnotes. 


tion of the hormone takes place rapidly, at least in normal animals. The 
failure of hormone treatment to increase the carbohydrate content of the 
liver of adrenalectomized animals ndthin 1 hour appeared to be due tO' 
insufficient time for the hormone to act in the case of these animals and 
possiblj'^ to a deficienc}' of carbohydrate precursors rather than to an in- 
ability of the tissue to respond, since liver slices of adrenalectomized,. 
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extract-treated rats formed carbohydrate from non-carboh 5 ’-drate pre- 
cursors as well as, if not better than, those of normal rats. 

III. Oxygen consumption of liver slices following a 24-liour fast. An in- 
crease in oxygen uptake was noted in all four groups of animals upon the 
addition of d-l-alanine, d-glutamate or pyruvate to the media (table 8). 
Oxygen uptake was also increased upon the addition of d-lactate to the 

TABLE 5 

E;fecl of adrenal cortical hormone on the synthesis of total carbohydrate in rat liver slices 


Media: Ringer’s solution -1 Pyruvate 0.4 per cent 


SOURCE OF LIVER SLICES 

NUMBER 
OF SLICES 

INCREASE IN 
TOTAL carbohy- 
drate (mean) 

DIFFER- 

ENCE 

BETWEEN 

MEANS 

! 

"p”t 

Normal untreated 

9 

0.64 iO.mt 



Adrenalectomized untreated 

10 

0.44 ±0.118 

-0.20 

<0.01 

Normal untreated 

9 

0.64 ±0.173 



Normal treated* 

9 

0.87 ±0.243 

1 

-1-0.23 

0.03 

Adrenalectomized untreated 

10 

0.44 ±0.118 



Adrenalectomized treated* 

11 

1.18 ±0.150 

-fO.74 

<0.01 


See table 1 for footnotes. 


TABLE 6 


Effect of adrenal cortical hormone on the synthesis of total carbohydrate in rat liver slices 
Media: Ringer’s solution + d-lactate 0.4 per cent 


SOURCE OF LIVER SLICES 

NUMBER 
OF SLICES 

INCREASE IN 
TOTAL CARBOHY- 
DRATE (mean) 

DIFFER- 

ENCE 

BETWEEN 

MEANS 

■‘P"t 

Normal untreated 

20 

0.54 ±0.141t 
0.56 ±0.230 



Adrenalectomized untreated 

14 

+0.02 

0.80 

Normal untreated 

20 ' 

0.54 ±0.141 

Normal treated* 

8 ' 

0.89 ±0.263 

+0.35 

<0.01 

Adrenalectomized untreated 

19 

! 

0.56 =fc0.230 

Adrenalectomized treated* 

6 

0.85 ±0.135 

+0.29 

<0.01 




See table 1 for footnotes. 


media in the two groups in which it was studied (table 8), i.e., “normal 
untreated” and "normal treated.” 

A study of table 9 indicates that in these experiments adrenal cortical 
hormone had no consistent effect on the rate of oxygen xtptdke. In plain 
Ringer’s the rate of oxj^gen uptake was increased in the adrenalectomized, 
untreated group as well as in the adrenalectomized and normal gi-oups 
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treated witli extract when compared to the normal, untreated group. No 
significant difference was observed between the increased oxygen uptake of 
adrenalectomized untreated and adrenalectomized treated groups. "ViTien 
d-l-alanine was added as a substrate, although the rate of oxygen uptake 
was increased in all of the groups, no significant difference was noted among 
the several groups. In the presence of d-glutamate, although the rate of 
ox3’'gen uptake was again increased in all of the groups, the values for the 
adrenalectomized untreated and treated, as well as the normal untreated 
exceeded that of the normal group treated with extract. The increase in 
oxygen uptake of the adrenalectomized, treated group was significantly 
greater than that of the adrenalectomized, untreated and control, un- 
treated groups. With pyruvate as a substrate, although the oxygen uptake 
of all four groups was greatly increased, there was no significant difference 
among the groups except in the case of the adrenalectomized, treated 


TABLE 7 

Effect of adrenal cortical hormone on total carbohydrate content of the liver 

of rats fasted ^4 hours 


j 

SOtTBCE OF LIVER ; 

KEMBEU 
OF DETER- 
MINATIONS ! 

1 

TOTAL CARBOHY- 
DRATE CONTENT OP 
LIVER (mean) 

DIFFER- 

ENCE 

BETWEEN 

MEANS 


Normal untreated 

14 

0.76±0.159t 



Adrenalectomized untreated 

10 

0.55 ±0.054 

-0.20 

<0.01 

Normal untreated 

14 

0.75 ±0.159 



Normal treated* 

11 

0.98 ±0.251 

j +0.23 

0.01 

Adrenalectomized untreated 

10 

0.55 ±0.054 



Adrenalectomized treated* 

9 

0.52 ±0.078 

-0.03 

0.30 


See table 1 for footnotes. 


group which was greatly increased when compared to the untreated, 
adrenalectomized group. No difference was observed in the increase in 
rate of oxygen utilization between the normal, untreated group and the 
normal, extract-treated group when d-lactate was used as a substrate. 

Discussion. The effect of adrenal cortical hormone in increasing the 
rate of formation of carbohydrate from pyruvate or lactate in liver slices 
is consistent with the findings in intact animals previously reported (4) and 
provides additional evidence that the adrenal cortical hormone facilitates 
this reaction by acting on the liver. 

Although treatment with adrenal cortical extract is followed by a marked 
increase in carbohydrate synthesis from lactic acid, in our experiments as 
in those of Holmes and Lehmann (8) liver slices of untreated adrenalecto- 
mized rats formed carbohydrate at approximately the same rate as liver 
slices from normal animals. 
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Recent studies (18, 19, 20) and our own unpublished data indicate that 
carbohydrate is readily synthesized from non-carbohydrate sources by 
Udneij slices, although Mirsky et ah (13) in a recent paper have subscribed 
to the generally accepted theory “that the liver is the only source of en- 
dogenous glucose.” Although it is apparent that the liver is not the only 


TABLE 8 

Effect of substrate on the oxygen consximption of rat liver slices 


SUBSTRATE 

NORMAI. 

ADRENALECTOMIZED 

Number 
of slices 

O.’cygen 

consumption 

(mean)§ 

Differ- 

ence 

be- 

tween 

means 

■‘P"t 

Number 
of slices 

Oxygen 

consumption 

(mean)§ 

Differ- 

ence 

be- 

tween 

means 

‘■p”t 

Ringer’s solution. . , 

14 




10 

1 . 88 ± 0 . 135 t 



d,l- Alanine 


2.24 ± 0.196 

- 1 - 0.54 

< 0.01 

10 

2.29 ± 0.052 

- to . 41 

< 0.01 

Ringer’s solution. . . 

14 




10 

1.88 ± 0.135 



d-Glutamate 

12 

2.46 ± 0.223 

- 1 - 0.76 

< 0.01 

10 

2.55 ± 0.161 

- to . 67 

< 0.01 

Ringer’s solution. . . 

14 




10 

1.88 ± 0.135 



Pyruvate 

10 

3.43 ± 0.614 

- 1 - 1.73 

< 0.01 

10 

3.06 ± 0.503 

- tl .18 

< 0.01 

Ringer’s solution. . . 

14 








d-Lactate 

11 

3.58 ± 0.564 

- 1 - 1.88 

< 0.01 






NORMAL treated* 

ADRENALECTOMIZED TRE.ATED* 




Differ- 




Differ- 



o S 

Oxj’gen 

ence 


2 8 

Oxygen 

ence 




consumption 

be- 

"P"} 


consumption 

be- 

"pp’'t 



(raean)§ 

tween 


3 ” 

(mean)l 

tween 





means 




means 


Ringer’s solution. . . 

10 

1.86 ± 0.2371 



9 

1 . 88 ± 0 . 142 t 



d ,l~ Alanine 

10 

2.29 ± 0.287 

- 1 - 0.43 

< 0.01 

10 

2.28 ± 0.307 

- to . 40 

< 0.01 

Ringer’s solution. . . 

10 

1.86 ± 0.237 



9 

1.88 ± 0.142 



d-Glutamale 

10 

2.24 ± 0.205 

- 1 - 0.38 

< 0.01 

10 

2.77 ± 0.173 

- to . 89 

< 0.01 

Ringer’s solution. . . 

10 

1.86 ± 0.237 



9 

1. 88 ± 0.142 



Pyruvate 

12 

3.26 ± 0.549 

- 1 - 1.40 

< 0.01 

10 

3.53 ± 0.208 

+ 1.65 

< 0.01 

Ringer’s solution. . . 

10 

1.86 ± 0.237 







d-Lactaie 

10 

3.37 ± 0.405 

- 1 - 1.51 

< 0.01 






See table 1 for footnotes. 


source of endogenous glucose, it may well be that the liver is the onl}’- depot 
of readily available carbohj'drate since muscle glycogen is not readily 
mobilized and since the glycogen content of normal kidney is insignificant. 

The concept of multiple sites of possible endogenous carbohydrate 
formation introduces several considerations regarding the manner in which 
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the adrenal cortical hormone effects the conversion of amino acids to 
carbohydrate. Apparentl}’’ in the liver slice, adrenal cortical hormone 

TABLE 9 


Effect of adrenal cortical hormone on the oxygen consumption of rat liver slices 


METJIA 

SOURCE OF LIVER SLICES 

NUM- 
BER OF 
SLICES 

OXYGEN 

CONSUMPTION 

(mean)§ 

DIFFER- 

ENCE 

BE- 

TWEEN 

MEANS 


Ringer’s 

Normal untreated 

14 

1.70±0.104t 



solution 

Adrenalectomized untreated 

10 

1.88 dbO.135 




Normal untreated 

14 

1.70 ±0.104 




Normal treated* 

10 

1.86 ±0.237 




Adrenalectomized untreated 

10 

1.88 ±0.135 




Adrenalectomized treated* 

9 

1.88 ±0.142 

0 


d,l- Alanine 

Normal untreated 

10 

2.24 ±0.196 




Adrenalectomized untreated ! 

1 

10 1 

1 

2.29 ±0.052 


0.60 


Normal untreated 

10 

2.24 ±0.196 




Normal treated* 

10 1 

2.29 ±0.287 


0.60 


Adrenalectomized untreated 

10 

2.29 ±0.052 




Adrenalectomized treated* 

10 

2.28 ±0.307 1 


0.90 

d-Ghitamate 

Normal untreated 

12 

2.46 ±0.223 




Adrenalectomized untreated 

10 

1 

2.55 ±0.161 

+0.09 

0.30 


Normal untreated 

12 

2.46 ±0.223 




Normal treated* 

10 

2.24 ±0.205 


0.02 


Adrenalectomized untreated 

10 

2.55 ±0.161 




Adrenalectomized treated* 

10 

2.77 ±0.173 

-^-0.22 

<0.01 

Pyruvate j 

Normal untreated 

10 

3.43 ±0.614 



j 

Adrenalectomized untreated 

10 

3.06 ±0.503 


0.20 


Normal untreated 

10 

3.43 ±0.614 



! 

Normal treated* 

12 

3.26 ±0.549 


0.50 


Adrenalectomized untreated 

■1 

3.06 ±0.503 




Adrenalectomized treated* 

m 

3.53 ±0.208 


0.01 

d-Laciate 

Normal untreated 

n 

3.58 ±0.564 




Normal treated* 

H 

3.37 ±0.405 

-0.21 

0.30 


See table 1 for footnotes. 


failed to increase significantly the rate of formation of pyruvic acid from 
alanine or glutamate (table 3) for if it had done so the rate of carbohydrate 

























ADRENAL HORMONE AND LIVER SYNTHESIS OF CARBOHYDRATE 185 


synthesis would probably have been increased, as the experiments in which 
P 3 Tuvate itself was added as a substrate indicate (table 5). It is possible 
that the acceleration of the conversion of amino acid to carboltydrate in 
the intact animal treated with adrenal cortical hormone (4) could well be 
due to an additional influence of the hormone on the kidnej^ or some un- 
investigated site. 

The interpretation of the effect of adrenal cortical hormone on the ox}”-- 
gen consumption of liver slices is difficult, since. the total oxygen consump- 
tion represents the sum of multiple oxidative reactions of which onlj^ a 
small portion may be influenced by the hormone. It is also probable that 
the nutritional state of the rats immediately preceding the experiment 
may play an important role in determining the proportion of o.xidative 
processes which are affected b}’’ adrenal cortical hormone. 

Summary". In rat liver slice, adrenal cortical hormone increased the sjm- 
thesis of carbohj^drate from pjTUvate or d-lactate but not from d-l-alanine 
or d-glutamate. Follondng a 24-hour fast the total carbohydrate content 
of the liver of adrenalectomized rats was lower than that of normals. The 
total carbohydrate content of the liver of normal 24-hour-fasted rats was 
increased significantly within one hour after the intraperitoneal injection 
of 5 ml. of adrenal cortical extract. In several instances changes in oxj’-gen 
consumption of rat liver slices folloiving adrenal cortical hormone therapj" 
did not parallel the changes which were observed in the rate of carbo- 
hj^drate synthesis. 


CONCLUSION 

Studies on rat liver slices indicate that the rate of synthesis of carbohy- 
drate from pyruvate and d-lactate is markedly increased by adrenal 
cortical hormone. 
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The idea that the rate of intestinal absorption of glucose is independent 
of the amount present and time dates from the work of Cori (1). Sub- 
sequent investigators (2-7) failed to confirm his observations and found 
that glucose absorption decreased mth time after the administration of 
the sugar and is dependent to some extent upon the amount of glucose 
available for absorption. The present study demonstrates that all of 
these conclusions as well as others in the literature are based upon ob- 
servations made under certain special conditions and may have little bearing 
upon the rate of glucose absorption under ordinary circumstances. 

Methods. The present experiments were carried out with a uniform 
inbred stock of albino rats (8). With certain exceptions which are de- 
scribed elsewhere in this paper Cori’s well known method (1) for studying 
the rate of absorption from the intestinal tract was used. During the 
extraction of residual glucose from the isolated tract after a given absorp- 
tion period glucolysis was inhibited by the addition of sodium fluoride. 
Protein was removed from the intestinal tract extract by the use of zinc 
hydroxide precipitation (9) leaving a negligible amount of non-glucose 
reducing substances in the filtrates. Glucose determinations were carried 
out by the Shaffer-Somogyi method (10). 

Glucose absorption rate under special conditions (forced feeding). Using 
essentially Cori’s technique (1) in experiment 1 (table 1) results were ob- 
tained which support our earlier conclusion (4) that under these conditions 
the rate of absorption of glucose definitely falls off after the first hour. 
The dose of glucose and the concentration of the solution which was ad- 
ministered was similar for the rats in all groups. The length of the 
absorption period was the only variable. 

In experiments 2 and 3 the absorption period was constant but the dose 
of glucose administered was varied. This was done in two waj’^s. In 
experiment 2 the volume of solution administered was kept constant and 
the concentration of the glucose varied. Under these special conditions a 
relatively constant absorption coefficient w^as obtained, a result which 
supports Cori’s contention that the rate of absorption is independent of 
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the amount of glucose present. However, this is true only imder the 
special conditions of this experiment and is hot a conclusion of broad 
applicabilitjL 


TABLE 1 

Influence of time, dose and solution volume on the absorption coefficient for glucose 
under certain conditions of forced feeding 


GROUP 

TIME AFTER 
GLUCOSE 

DOSE OF 
GLUCOSE* 

BOUT 

TVEIQHT 

BODY 

SURFACE 

VOL. 

GLUCOSE 

solution! 

CONC. 

GLUCOSE 

SOLUTION 

ABSORPTION 

COEFn- 

cientJ 



Experiment l.§ 

Influence of time 




hours 

mgm. 

grams 

sq. cm. 


per cent 

mgm. 

1 

mSM 

876 


3.08 


43.8 

116 

2 


876 


3.07 


43.8 

96 

3 

mSM 

876 

140 

3.06 

2.0 

43.8 

87 

4 

4.0 

876 

141 

3.07 

2.0 

43.8 

80 

5 

6.0 

876 

141 

3.07 

2.0 

43.8 

77 


Experiment 2.^ Influence of glucose concentration and dose 


1 

BSi 

— 

175 

3.55 

2.0 

f 

102 

2 


mSM 

176 

3.57 

2.0 

BbI 

113 

3 


600 

178 

3.58 

2.0 


105 

4 


800 

178 

3.58 

2.0 

40.0 

107 

5 

■Bi 

1000 

178 

3.58 

2.0 

50.0 

118 


Experiment 3.1| Influence of variable concentration and dose 


1 


200 

178 

3.59 

0.4 

■■ 

54 

2 


400 

179 

3.61 

0.8 


73 

3 


600 


3.62 

1.2 

50.0 

96 

4 


800 

189 

3.74 

1.6 

50.0 

99 

5 


1000 

183 

3.65 

2.0 

50.0 

104 


* Milligrams per 100 sq. cm. body surface. 

t Cubic centimeters per 100 sq. cm. body surface. 

J Milligrams per 100 sq. cm. body surface per hour. 

§ Each group vas made up of four female rats of approximately the same age. 
.After fasting for 24 hours 2cc. of 43 .8 per cent glucose solution per 100 square centime- 
ters body surface vas given each rat at the beginning of the absorption period. 

^ Each group was composed of three adult male rats close to the same weight. 
-After fasting for 40 hours the rats in each group were given different doses of glucose 
in the same volume of solution and the absorption rate observed for the ensuing 
1.5 hours. 

Ij Identical with experiment 2 except for the varying concentration of the glucose 
solutions which were administered. 

^Tien, as in experiment 3, variable doses of glucose were administered 
at the same concentration but in variable volume there was a very definite 
relation between the absorption coeflacient and the dose of glucose ad- 
ministered. This confirms earlier observations (4, 5). 
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It would appear obvious that the nature of the results obtained in study- 
ing the rate of intestinal glucose absorption by Cori's method will depend 
on the special conditions under which observations are made. Our present 
interest concerns the relation of such results to the rate of glucose absorp- 
tion under more normal conditions. The dietary habits of the rat are not 
such as ever to result in the influx into the stomach of a large volume of 
concentrated glucose solution during a few seconds. Furthermore, there 
is another point of importance. The maximum glucose absorption rates 
recorded by Cori or ourselves would hardlj’- be sufiScient to cover the basal 
energy requirement of the rat if glucose was absorbed at the maximum rate 
throughout the 24 hours. When this occurred to us we already had evi- 
dence that rats could be maintained on a diet consisting almost entirely of 
glucose. Since the rat normally confines its period of taking food almost 
entirely to the night time it was obvious that the glucose absorption rate 
under normal conditions must be considerably higher than it is generally 
believed to be. 

Glucose absorption rate under “normal" conditions (voluntary feeding). 
During the course of experiments (11) in which rats were fed and fasted on 
alternate days the food intake on the feeding days was considerably greater 
than usual. The diet consisted almost entirely of sucrose (glucose and 
fructose) and if we assume the unlikely, that glucose (and fructose) ab- 
sorption was going on continuously during the entire period that the rats 
were allowed food, the average absorption coefiicient for the glucose (and 
fructose) in the diet would be 81. If, as is most likely, glucose absorption 
was proceeding during only a part of the feeding period this coefficient 
would be even higher. In an alternate feeding and fasting e.xperiment 
similar to the one mentioned above but in which the rats were allowed 
access to the food cups for periods of 12 houm and fasted for 24 hours the 
appetite of most of the rats almost failed entirely, but a few of them ate 
sufficient to maintain their body weight after the usual initial weight loss. 
Wlien these were sacrificed 3 hours after the end of the feeding period, al- 
lowing a total of 15 hours for possible glucose absorption, there was an in- 
significant amount of reducing substance in the gastro-intestinal tract. 
The diet was similar to the one we have used before (11) except for the 
substitution of glucose for sucrose. The results presented in table 2 show 
a great deal higher absorption rate for glucose than has been recorded in the 
various special and less normal conditions which have been used before. 

The effect of protamine zinc insulin in increasing the appetite was 
utilized to studjr the rate of glucose absorption. Rats were removed from 
our stock diet, kept mthout food for 12 hours, and then allowed a diet, 
composed of the usual salt mixture 2, a syrupy rice polishing extract (rich 
in the vitamin B complex members) 3 and glucose 95, ad lib. The results 
comprise table 3. The glucose absorption coefficients are calculated on the 
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TABLE 2 

Glucose absorption calculated over a 15 hour period at the end of an alternate fasting 
(24 hours) and feeding (12 hoxirs) regime 
Six rats in the group 
Experiment 4 



MINIMUM 

AVERAGE 

MAXIMUM 

Body weight (grams) 

105 

129 

141 

Body surface (sq. cm.) 

252 

290 

306 

Food intake (grams/rat/12 hrs.) 

S.l 

10.2 

12.3 

Glucose intake (grams/rat/12 hrs.) 

6.7 

8.4 

10.1 

Glucose absorption coefficient* 

264 

290 

331 


* Milligrams per 100 sq. cm. body surface per hour. 


TABLE 3 

Rate of glucose absorption by rats on a largely glucose diet and given protamine zinc 

insulin (PZI) 




DATS 



1 j 

2 

3 

4 

5 

6 


Experiment 5, male 


Bodj^ weight (grams) 

287 

285 

281 

274 

269 

265' 

PZI (units) 

10 

5 

5 

0 

0 

0 

Glucose (grams/24 hours) 

27 i 

32 

24 

14 

21 

20 

Glucose absorption coefficient* 

228 i 

272 

206 

122 

185 

178 


Experiment 6, male 


Bod 3 '^ weight (grams) 

307 

302 

295 

293 

289 

286 

PZI (units) 

10 

7 

. 4 

0 

0 

0 

Glucose (grams/24 hours) 

28 

22 

24 

14 

15 

20 

Glucose absorption coefficient* 

226 

179 

198 

116 

126 

169 


Experiment 7, average of 4 males 


Bod 5 ’’ weight (grams) 


329 

321 

310 


PZI (units) 


3 

3 

4 


Glucose (grams/24 hours) 

40 

38 

34 

44 


Glucose absorption coefficient* 

302 

293 

267 

353 



Experiment 8, average of 2 females 


Bodj' weight (grams) 

169 

162 

154 

149 


PZI (units) 

4 

4 

0 

0 


Glucose (grams/24 hours) 

29 

28 

17 

22 


Glucose absorption coefficient* 

349 

347 

217 

288 



* Glucose as milligrams absorbed per 100 square centimeters body surface per 
hour. 
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assumption that absorption proceeded evenly over the 24 hour periods. 
This was probably not the case and it is hkely that the coefficients were at 
times much higher. But those which have been calculated are far higher 
than has hitherto been thought to be possible. Although it seems to be an 
unlikely possibility it may be argued that the high absorption rates for 
glucose in these experiments are due to the effect of the protamine zinc 
insulin. Naturally, this is true in so far as this agent is responsible for the 
large glucose intakes, but with our present knowledge there is little reason 
to believe that it has any influence on the rate at which glucose passes from 
the intestine into the blood stream. 

It was suggested to us by Professor Drury that an excellent way in 
which to get rats voluntarily to take large quantities of glucose was to place 
them in a low environmental temperature such as a refrigerator, and offer 
them a 50 per cent glucose solution to drink. The glucose absorption 
period was taken from the time they were placed in the cold until three 
hours after removing the glucose solution, at which time we knew by ex- 
amining the contents of their intestinal tracts that absorption was com- 
plete. Although it is improbable that absorption was in progress through- 
out this period absorption coefficients for glucose as high as 564, 520 and 
435 mgm. were found in female rats weighing 200 to 234 grams when ab- 
sorption was calculated in this manner. 

SUMMARY 

The rate of absorption of glucose from the intestine of the rat under the 
conditions of forced feeding with strong glucose solutions which are gener- 
ally used depends upon the amount and concentration of the sugar. When 
the dose of glucose and the concentration are kept constant the absorption 
coefficient (milhgrams absorbed per 100 square centimeters body sur- 
face per hour) decreases with time after administration. Variable doses 
administered in a fixed volume gave relatively constant absorption coeffi- 
cients (102-118) over a single absorption period. When variable doses of 
glucose were administered at the same concentration but in variable volume 
the absorption coefficient was related to the dose of glucose. 

Under normal or at least voluntary feeding conditions absorption rates 
several times higher than those previously reported were found. By con- 
centrating the period of eating through a prior period of. fasting and offering 
a diet composed largely of glucose, absorption coefficients of 300 mgm. 
were obtained. By giving glucose alone to eat and increasing the appetite 
with protamine zinc insulin injections as much as 200 to 300 mgm. of 
glucose per 100 sq. cm. body surface was absorbed each hour. A 
very cold environment increased the appetite so much that 50 per cent 
glucose was taken in quantities large enough to give absorption coefficients 
of over 500. 
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There is an almost complete absence of the usual fat deposits in rats 
which have been maintained for a long time on a diet high in protein and 
containing no preformed carbohydrate (1). Whether this is due primarily 
to a disturbance in the fat storing mechanism or in the appetite, it is neces- 
sarily an appetite effect. The data which aroused our interest in this 
subject (1) are not such as to suggest an appetite effect but if the food 
intake had been falling off in comparison with that of the rats on the diet 
containing more moderate amounts of protein the body weight would have 
been decreasing at the same rate. Since the food intake was recorded in 
relation to body size any influence of the diet on the appetite would not be 
obvious. Placing the food intake on a body size basis is essential for some 
purposes (2) but becomes undesirable when the appetite is the point under 
investigation. The experiments reported here were undertaken to deter- 
mine the influence of the protein content of the diet on the appetite and 
secondarily the deposition of body fat in the rat. 

Methods. Albino rats of kno^vn age were used. They came from the 
same strain which has been maintained for the past 18 years (3). The 
special diets which are detailed in table 1 were freshly made every 10 days. 
The rats were caged in groups of 3 to 6 and weighed at 2 to 4 day intervals. 
Group caging made it necessary to remove from an experiment any rat 
whose change in body weight was greatly different from that of its mates. 
The food cups were weighed every second day. At the end of the feeding 
periods the etherized rats were finely ground in a meat chopper and samples 
of the well mixed hash used for fat and water analysis. Water was deter- 
mined by drying the sample to constant weight at 100°C. in a vacuum 
oven. Fat represented fatty acids plus unsaponifiable lipids determined 
in the usual manner (4) . 

Results. Those experiments which are pertinent to the object of this 
study are summarized in table 2. The observations on the appetite as 
such require no explanation. However we are also interested in the 
amount of deposit fat. In a given experiment the latter will bear a rela- 
tion to the appetite as measured by the average daily food intakes of the 
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various groups only if the energy expenditures of the different groups are 
similar. This must be the case foT in a general way the body fat content 
and appetite tend to move in the same direction. 

Protein intake and appetite. Variations in body weight and food intake 
for two day intervals throughout the feeding period of experiment 1 are 
presented in figure 1. These were adult rats and all of them weighed less 
at the end of the experiment than at the beginning. Such a weight loss 

TABLE 1 


DIET NDMBEB 



1 

2 

3 


5 

c 

7 

8 

n 

10 

u 

12 

13 

14 

15 

16 

17 

Casein* 

15 

IS 

m 

75 

20 

m 

20 

H 

50 

20 

84 

29 

B 

22 

28 

m 

70 

Sucrosef 

Klil 

45 

25 

m 

50 


0 

mm 

0 

40 

0 

m 


25 

0 

24 

0 

Salt mixturef 

4 

4 

4 

4 

5 

5 

5 

5 

5 

5 

4 

6 

4 

5 

6 

6 

5 

Yeast§ 

6 

6 

6 

m 

5 

5 

5 

5 

5 

10 

8 

11 

■ 

7 

9 

6 

5 

Cod liver oil If 

2 

2 

2 

2 

5 

5 

5 

5 

5 

5 

4 

6 

2 

2 

3 

6 

5 

Corn oilll 

3 

3 

3 

3 









3 

4 

5 



Hydrogenated vege- 


















table oil** 

10 


mm 

10 

15 

15 

37 

15 

24 

20 

m 

48 

15 

35 

49 

21 

15 

Cellulosett 







28 


11 







7 


Calories per gram 

4.6 

4.6 

4.6 

4.6 

4.8 

4.8 

4.8 

4.8 

4.9 

5.0 

3.8 

6.3 

4.9 

5.9 

6.5 

4.7 

4.7 

Per cent of calories as: 


















Protein 

16 

27 

45 


19 

62 

19 

45 

45 

21 

96 


1^ 

18 

18 

25 

60 

Fat 

m 

m 

m 


38 

38 

81 

38 

55 

47 

4 


38 

65 

82 

54 

40 

Carbohydrate 

54 

43 

25 


43 

■ 

■ 

17 

0 

32 

0 

m 

42 

a 

■ 

21 

0 


* Vitamin free casein prepared by the Casein Company of America. 

t Cane sugar product, rather 6nely granulated and known to the grocery trade as 
“Bar” sugar. 

t Osborne and Mendel’s (5) mixture obtained from The Harris Laboratories, 
Tuckahoe, N. Y. 

§ Brewer’s yeast obtained from (Strain G) Anheuser-Busch. 

If Tested commercial brand of Norwegian origin. 

11 Cooking oil marketed under name of Mazola. 

** Crisco. 

ft Cellu Flour, Chicago Dietetic Supply Company. 

is common in adult rats when they are moved from sawdust bedding to 
cages with wire mesh bottoms. The group which received the high protein 
diet (4, expt. 1, table 2) ate less than those on the control diet (1, expt. 1), 
lost more weight and had less deposit fat than the controls. The difference 
in food intake and bod 3 ’’ weight on the two diets is shown even more strik- 
ingty in the group in experiment 1 (fig. 1) in which the feeding of these two 
diets was alternated. The high protein diet always led to a decrease in 
the appetite and a loss in body weight. 
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Experiment 5: 6 male rats in each group. They were 95 days old at the start of the feeding period. 
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In young growing rats (expt. 2, table 2) increases in the percentage of 
calories as protein led to an increase in the food intake, more body fat, and 
a higher body weight until a diet with a very high protein content and free 
of preformed carbohydrate was offered. These differences in the growth 
rate have been noted before (6). The relation of the appetite to the pro- 
tein content of diets containing preformed carbohydrate will be considered 
elsewhere. In figure 2 the body weight and food intake on high (no. 4) 
and low protein (no. 1) diets have been compared throughout the feeding 
period. A third group in figure 2 in which the diets were alternated demon- 



A6E IN DAYS 

Fig. 1. Experiment 1. Comparison of the influence of low and high protein diets 
upon the appetite in adult rats. 

strates the decreased appetite and body weight loss on the high protein 
diet in a spectacular manner. 

The results reported here were obtained on diets in which casein served 
as the protein. Similar results have been obtained when commercial dried 
blood albumen was used as the source of protein. The addition of 0.05 
per cent thiamin chloride to the diets did not alter the results. The diets 
used in experiments 1 and 2 contained the same percentage of their calories 
as fat. The higher protein levels were provided at the expense of carbo- 
hydrate so that the high protein diet which had the deleterious influence 
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on the appetite was devoid of preformed carbohydrate. It was therefore 
necessaiy to determine what part the removal of carbohydrate calories 



55 65 75 

DAYS OF AGE 

Fig. 2. Experiment 2. Comparison of tlie influence of low and high protein diets 
upohthe appetite in young growing rats. 


from the diet played in the reduced appetite resulting from a high protein 
content. 
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Carbohydrate lack in the diet and appetite. In experiment 3 diet groups 
5 (low protein) and 6 (high protein) again demonstrated what had been 
shown in the preceding experiments. Diet 7 had the same protein content 
as diet 5 but was carbohydrate free as was diet 6, the carbohydrate calories 
being made up by fat. This diet was made rather bulky by the addition ' 
of cellulose to maintain a constant calorie value in relation to weight but 
the appetite was essentially the same as in the carbohydrate containing diet 
group (no. 5). Diet groups 8 and 9 bore on the same point and gave fur- 
ther evidence that the absence of carbohydrate from the diet containing 
the highest protein content was not responsible for the reduction in appetite 
and subsequent lessening of body fat. 

Experiments 4 and 5 were designed to examine the relative influence of 
protein excess and carbohydrate lack upon the appetite without the com- 
plication of bulking cellulose. This introduced another factor, variation 
of energy value with weight, but in our experience it is less important than 
a high degree of variation in energy value in relation to the diet volume or 
bulk. The results of experiment 4 supported those found in the preceding 
experiment and experiment 5 is even more striking in demonstrating the 
failure of carbohydrate lack to influence the appetite. 

Glucose capacity of the diet and appetite. A possible physiological explana- 
tion of why an excessive protein intake may reduce the appetite rests in 
the glucogenic capacity of such a diet. There is evidence that the marked 
increase in the appetite and body fat stores produced by protamine zinc 
insulin administration (7, 8) is a function of a reduced blood sugar level (8). 
The organism receives glucose from carbohydrate as such and from the 
catabolism of protein (at least 58 per cent may form sugar). Conn and 
Newburgh (9) have found that protein is a more advantageous source of 
sugar for the diabetic than carbohydrate and that chronic hypoglycemia 
(10) is best treated with a high protein diet because the glucose yielded by 
protein is available slowly and at a more even rate than in the form of 
carbohydrate itself which is stored quite rapidly and thus disappears from 
the blood stream. A high protein diet might conceivably reduce the appe- 
tite by maintaining the blood sugar at a higher level than do other food- 
stuffs. Pollack and Dolger (11) have found that protein is the best source 
of carbohydrate for preventing nocturnal hypoglycemia in diabetic patients 
receiving protamine zinc insulin therapy. These considerations suggested 
an indirect method of attacking the problem by a comparison of the 
appetite effect of protamine zinc insulin in rats on high and low protein 
diets. 

Figure 3, in which are plotted the averages of experiment 6, is a typical 
example of several experiments of the same type. There v/ere six female 
rats in each group. The insulin was not without influence upon the appe- 
tite and body weight of the rats recei\dng the high protein diet but it had 
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much less effect than on the rats whose diet contained a lower protein 
content. The control rats on diet 1 consumed an average of 9.4 grams 
while the insulin treated rats on this diet ate 11.4 grams of food per day. 
On the high protein diet (no. 4) the corresponding figures were 9.0 and 9.6 
grams per day respectivel 3 ^ the rats were 230 days old and had 

been receiving insulin for two days, two of those on diet 4 died in hj’^po- 
glycemia. Another one of this group succumbed in the same manner 10 



Fig, 3. Experiment 6. Comparison of the influence of protamine zinc insulin 
upon the appetite of rats on low and high protein diets which are isocaloric. 

days later. ^ There was no evidence of a symptom producing hypoglycemia 
among the insulin treated rats on diet 1 at any time. It should be pointed 
out that while diets 1 and 4 were calorically equivalent, diet 1 had 69 per 
cent available carbohydrate in comparison with only 45 per cent in diet 4. 
An insulin e-xperiment was therefore carried out with low (diet 16) and high 
(diet 17) protein diets containing isoglucogenic quantities of protein and 
carbohydrate (on the assumption that only 58 per cent of protein may be 
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converted to glucose). There were five male rats in each group. The 
insulin treated rats each received 2 units twice daily of protamine zinc 
insulin (Squibb’s U-40 preparation). The results for this experiment 
(expt. 7) are pictured in figure 4. The difference in the influence of the 
insulin upon the appetite of rats receiving low and high protein diets is 
even more obvious than in experiment 6. None of the rats showed sj'^mp- 
toms of hypoglycemia at any time. These results suggest that the marked 
difference in appetite between rats on a low protein and a high protein 
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AGE IN DAYS 


Fig. 4. Experiment 7. Comparison of the influence of protamine zinc insulin upon 
the appetite of rats on low and high protein diets which are isocaloric and 
isoglucogenic. 

carbohydrate free diet maj’^ be a result of the maintenance of the blood 
sugar at a higher level from carbohydrate derived from protein than when 
it is fed as such. A preceding high protein diet maintains the liver glyco- 
gen (12, 13) and blood sugar levels (13) during fasting better than a lower 
protein intake. 


SUMMAKY 

TiTien the carbohydrate in an adequate synthetic diet is replaced with 
protein (casein) the appetite of albino rats is definitel}’’ less than on the 
carbohydrate containing diet. Alternation of the diets demonstrates the 
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difference in appetite verj’’ clearly. Rats offered such diets for a time 
show marked differences in body weight and fat content, those on the high 
protein diet having less deposit fat. 

The reduced appetite on a high protein diet is due to the protein content 
and not lack of carbohydrate as such, for replacement of the carbohydrate 
calories with fat instead of protein does not result in the same marked 
reduction in the appetite and body fat. 

The administration of protamine zinc insulin produces much less of an 
increase in the appetite with a diet high in protein and containing no carbo- 
hydrate than with an isoglucogenic diet containing less protein and a large 
portion of the calories as carboh3’^drate. Since protamine zinc insulin 
appears to increase the appetite by reducing the blood sugar level this 
suggests that a high protein, carbohydrate free diet may decrease the 
appetite by better maintaining the blood sugar level, glucose from protein 
being formed slowly and therefore more evenly available than when fed as 
carbohydrate. 
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Bainbridge (1) in 1915 observed that a rise in venous pressure following 
intravenous injection of saline and defibrinated blood was responsible 
for a cardiac acceleration operating from the venous side of the right heart. 
The acceleration was thought to have been brought about partly through 
loss of vagal tone and partly through increased accelerator tone. This 
mechanism was believed to cause the cardiac acceleration incident to 
muscular exercise and its concomitant increased venous inflow and higher 
venous pressure. 

Sassa and Miyazaki (2) confirmed the findings of Bainbridge. Objec- 
tions, however, may be raised to the methods used b}’’ both groups. No 
consideration was given by Bainbridge to the changes of the cumulation 
in the lungs and in parts of the heart other than the venous side. Sassa 
and Miyazaki, by using rubber balloons to raise the pressure in the venae 
cavae and right auricle, introduced other modifications in circulation to 
which the change in heart rate could be attributed. More convincing 
confirmation of Bainbridge’s interpretation was presented by Anrep and 
Segall (3) wLo, in a series of wmll-controlled experiments on innervated 
heart-lung preparations, found the cardiac acceleration to occur with an 
increase of the venous return. However, since they observed in many 
experiments a definite acceleration with little or no rise in the venous pres- 
sure, they concluded that it was premature to regard the venous pressure 
elevation as the factor responsible for the reflex. 

The acceleration of the heart does not always appear. Thus Wiggers 
and Katz (4) found absence of heart rate changes on varying the venous 
pressure in many of their experiments with anesthetized intact animals. 
Also, DeGraff and Sands (5) observed an increased heart rate in only half 
the animals similarly studied, and one-third of all the animals showed this 
acceleration even after the vagi were severed bilaterally. They concluded, 

* Aided by the A. D. Nast Fund for Cardiac Research and the A. B. Kuppenheimer 
Fund. 
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therefore, that it was a less constant mechanism than the work of Bain- 
bridge would indicate. 

There is sufficient discrepancy in previous results to question the simple 
interpretation usually given to the so-called Bainbridge reflex. It was 
therefore decided to reinvestigate this subject in a manner that would ex- 
clude objections that might be raised as to methods and anesthesia used 
in the preceding studies. 

Chloralosane was employed as an anesthetic in those of our experiments 
in which anesthesia was desired. This was suggested by Heymans (6) 
who has shown that chloralosane does not depress the cardiac reflexes as 
do many of the other anesthetics. Secondly, the experiments in which 
distention of the vena cava or right auricle was performed utilized a bj^- 
pass arrangement so that distention had little or no effect on the circulation 
such as occurred in Sassa and Miyazaki’s experiments. And thirdly, 
experiments were performed on unanesthetized closed-chested animals, 
some of which were trained, to stud}'- the effects of an increased venous 
return. 

In addition, the effect of distention of that part of the superior vena cava 
where Nonidez (7) has found t 3 qiical pressor receptors was noted both in 
chloralosane-anesthetized and in trained and untrained unanesthetized 
dogs. This was done bj' special cannulae so that no interruption in the 
flow of blood was produced. Histologically, these subendothelial end- 
organs found by Nonidez in the intrapericardial portions of all veins en- 
tering the heart resembled those of the carotid sinus and aorta, and he 
concluded that the mechanical excitation of the subendothelial nerve end- 
organs during increased venous pressure initiated the accelerating reflex. 

Methods. The majoritj' of experiments were performed upon un- 
anesthetized dogs to ensure that the reflex was not altered by anesthesia. 
Three of these dogs were untrained and consequently | grain morphine 
sulphate was administered subcutaneously to obtain complete relaxation 
and to increase vagus tone. All the other animals were trained to lie 
quietly. 

The venous and arterial blood pi-essures were recorded b}”- means of 
Hamilton manometers (8) and from these the heart rate was determined. 
In the determination of the heart rate, from 20 to 40 beats were included 
in a measurement. The product of sixty times the number of beats in- 
cluded divided by the duration of the interval in seconds gave the rate in 
beats/min. Care was taken to include one or two respiratory cycles when 
marked sinus arrhythmia was present. When a non-respiratoiy arrhyth- 
mia was found the entire cycle of this arrhythmia was included in the 
measurements. The few experiments in which the heart rate showed a 
noticeable progressive change between the control period before and after 
the experimental procedure were discarded. When vagotomy was de- 
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sired, it was performed in anesthetized animals by section in the neck. 
Sympathectomy, also performed in anesthetized animals, was accom- 
plished by removing the stellate and upper three S 3 '^mpathetic ganglia, 
bilaterallj'', in the open chest. 

All injections of fluid were made at bodj'' temperature in the unanesthe- 
tized animals, using rectal temperature as the guide and placing the solu- 
tions in a constant temperature box for the purpose. In the anesthetized 
animals with open chest, this was accomplished bj'’ placing the solutions 
in the same constant temperature box in Avhich the animal was kept. The 
solutions were injected by gravity and under pressure at a rate of from 
260 to 800 cc./min. For the most part the solution injected was mammalian 
Ringer’s, but in several experiments with open-chested dogs whole heparin- 
ized blood was used instead. 



Fig. 1. A, photograph of modified Morawitz cannula used in open-chested dog to 
distend root of superior vena cava without obstructing circulation. The photograph 
shows the cannula with the distended balloon at its end in the position used when 
cannula is in place. The balloon is inflated through an air line extending along the 
outside of cannula. The lumen of cannula is thus always of constant size whether 
balloon is inflated or not. 

B, photograph of umbrella-ribbed cannula. Photograph shows ribs extended. 
This cannula is inserted via the external jugular vein. The expansile ribs at lower 
end can be raised and lowered by means of a screw arrangement at the opposite end. 
The C clamp is applied to keep the ribs unexpanded during insertion. Side arm is 
used to inject fluids and to permit recording of venous pressure at root of superior 
vena cava. 

Distention of the superior vena cava was performed either bj”^ means of a 
modified Morawitz cannula (fig. lA) or another speciallj^ designed cannula 
with an umbrella-ribbed expansile end (fig. IB).^ The Morawitz-like 
cannula was used in open-chested chloralosanized animals onty, with the 
blood rendered non-coagulable with heparin. The cannula was inserted 
via the distal part of the intrathoracic superior vena cava or inferior vena 
cava, with the expansile (balloon) tip placed at the junction of the superior 
vena cava and the right auricle as determined b}”- visual control. Care was 
taken to avoid injuiy to nerve pathwaj’^s coursing along the superior vena 
cava. The cannula with the umbrella-ribbed expansile tip was emploj'ed 
in closed-chested unanesthetized animals, the blood of which had also 

- Wc are indebted to Dr. K. .Tochim for his help in designing this cannula. Both 
cannulae were constructed by Mr. S. P. Gaddas. 



LOCALIZATION OF RECEPTOB AREA OF BAINBRIDGE REFLEX 205 

been rendered non-coagulable ivitli heparin. The cannula ivas inserted 
via the right external jugular vein under local procaine anesthesia, and the 
position of the cannula at the junction of the superior vena cava and right 
auricle was controlled fluoroscopically and checked at autopsy in each 
case. Absence of damage to the veins and the effectiveness of the dis- 
tention were also checked postmortem. The construction of both cannulae 
was such as to permit local distention without any appreciable interference 
Avith blood floAV. The umbrella-ribbed cannula ivas designed Avith a side- 
arm AAhich permitted its use as a channel for injection of fluid intraA'^enously. 

In some open-chested dogs under chloralosane anesthesia, a special ar- 
rangement Avas established to bj''-pass the right auricle and the major 
A^eins Avhich entered it. For this purpose a cannula Avas inserted into the 
lateral AA^all of the right ventricle and connected Avithout interrupting the 
circulation to cannulae in the superior and inferior venae caA^^ae, the coro- 
nary sinus and the azA’^gos A^ein. In this AA'aj’^ little or no blood entered the 
right auricle and the adjacent A'enae cavae. The procedure Avas carried 
out Avith care not to interfere AA'ith the innerA'ation of the heart. In this 
preparation an increase in the A'^enous return Avould not affect the pressure 
in the isolated auricle and proximal parts of the A^enae caA'^ae and, further- 
more, the auricle could be distended by a balloon Avithout interfering Avith 
the circulation of blood. 

Results and their interpretation. 1. Effect of increased venous 
return. A series of 16 experiments Avas carried out on 12 animals, all but 
tAvo of Avhich Avere performed on unanesthetized dogs. The two excep- 
tions Avere performed on open-chested dogs under chloralosane anesthesia. 
The results are summarized in table 1 and a typical result on an unanes- 
thetized animal is illustrated in figure 2 and the original record in figure 3. 
No pulse acceleration occurred in the chloralosanized dogs (one of these 
had had the heart completely deneiwated at the time of injection), and in 
tAvo trials in unanesthetized dog 14. All other experiments shoAA^ed a 
definite temporary cardiac acceleration, the peak of AAhich came about 
30 to 40 seconds after the start of the injection and the acceleration lasted 
several minutes. 

In those experiments in Avhich the rate of injection Avas rapid, the arterial 
pressure rose during the injection and accompanying this rise there aabs 
often a fleeting cardiac sloAAung early in the injection period (fig. 4). This 
sloAving is probably a depressor reflex originating from the presso-sensitive 
end-organs of the arterial buffer nerve mechanism. This may also explain 
the secondary fleeting loAvering of the blood pressure beloAV the control 
leA'-el so often seen (figs. 2 and 3). HoAA'eA>^er, part of this drop ma3^ be due 
to the decrease in blood viscosity by the Ringer’s solution Avhich on passing 
through the periphery loAvered the peripheral resistance. The absence 
of these transitoiy effects Avhen the rate of injection Avas sIoav (viz., table 
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1, dogs 17 and 18) would fit with either explanation. Aside from this 
transitoiy drop, the arterial blood pressure remained elevated for a time. 

The venous pressure rose over 400 mm. of blood during the injection 
and was also elevated for a period after the injection (figs. 2, 3 and 4). 
These pressure elevations indicate that the pulmonary vessels are also 
distended, as well as the heart chambers. Any one of these regions there- 
fore could be the site initiating the Bainbridge reflex.® That some other 
locality than the large veins and right auricle maj'- be the focus initiating 

TABLE 1 


Effect of increasing venous return by intravenously injecting mammalian Ringer's 

solution at body temperature 


DOG NUMBER 

AMOUNT INJECTED 

i 

DURATION OF 1 

INJECTION 

MAXIMUM HEART 
RATE CHANGE 
FOLLOWING INFUSION 

RESPONSE 

CONSIDERED 


cc. 1 

see. ' 

heats/min. 


5* 

150 

7 

0 

0 

6*t 

150 

39 

4 

0 

n 

200 

31 

21 

+ 

lot 

200 

24 

66 

+ 

lit 

200 

42 

18 

+ (?) 

12§ 

200 

48 

33 

+ 

13§ 

200 

14 

34 

+ 

14 § 

200 

23 

2 

0 


200 

14 

6 

0 

15§ 

200 

19 

42 

+ 

16^ 

200 

17 

78 

+ 


200 

15 

70 

+ 


200 

16 

14 

+ (?) 


200 

15 

36 

+ 

17§ 

200 

84 

78 

+ 

18§ 

200 

96 

46 

-b 


* Open-chested dog under chloralosane anesthesia. 

t Heart completely denervated. 

t Partially trained unanesthetized dog under 5 grain morphine sulphate. 

§ Trained unanesthetized dog. 

^ Trained unanesthetized dog; the injections of Ringer’s solution were made 
while animal under I grain morphine sulphate. 

the cardiac acceleration is suggested by the presence of an acceleration of 
the heart following increased venous pressure in experiments where the 
exclusion of the venae cavae and right auricle by the use of a by^-pass 
(table 2) would remove the possibility of stimulation of end-organs in these 
regions. Since, in these eSeperiments, the heart chambers and pulmonar}' 
vessels were distended so that the pulmonary pressure rose, the possibility 

’ Care in keeping the temperature of the injected solution at bodj' temperature 
excludes the possibility that this is a thermal effect. 
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is suggested that stimulation of end-organs here may cause, or at least 

contribute to, the Bainbridge reflex. 

The occurrence of negative experiments as far as the Bainbiidge leflex 

is concerned we cannot explain. 

We conclude from these results that the Bainbridge reflex does occur in 
unanesthetized animals, but not without occasional omission. Fuither, 
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Fig. 2. Chart showing changes in mean arterial pressure (upper), mean venous 
pressure (middle) and heart rate (lower curve) upon increasing the venous return. 
Note extreme cardiac acceleration resulting from elevation of the venous pressure. 
(Injection made at body temperature in interval indicated by block.) 

reflexes originating in the pulmonary vessels or in the heart chambers 
other than the right auricle are probably involved, at least in part, in its 
initiation. 

S. Effect of dislenlion of the superior vena cava and right auricle. It is 
significant that while distention of the heart exclusive of the superior vena 
cava and right auricle leads to cardiac acceleration, distention of these 
latter chambers alone, without affecting the flow of blood in the circulation 
had no apparent effect on the heart rate in four trials on one preparation 
with the right auricle and venae cavae by-passed (table 3). This would 
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confirm the view that the cardio-accelerator reflex originates elsewhere 
than in these regions. The positive results reported by Sassa and Miya- 
zaki (2) must therefore be attributed to the disturbances in circulation 
produced in their balloon distention which our arrangement avoided. 
Their experiments, therefore, cannot be assumed, to support the presence 
of a Bainbridge reflex or of its origin in the right auricle and superior vena 
cava. 

S. Effect of distention of the superior vena cava at its junction with the 
right auricle. This was first performed on chloralosanized dogs u.sing the 
modified Morawitz cannula (fig. lA). The results are summarized in 

TABLE 2 


Effect of increasing venons return in anesthetized dogs with right auricle and venae cavae 

hy-passed 


DOG ngmbeh 

AMOUNT INJECTED 

DURATION OF 
INJECTION 

MAXIMUM HEART 
RATE CHANGE 
FOLLOWING INFUSION 

RESPONSE 

CONSIDERED 


CC. 

see. 

beats/min. 


2 

100* 

16 

66 

+ 


100* 

16 

37 

+ 

3 

loot 

5 

68 

+ 


loot 

3 

65 

+ 

4 

loot 

2.5 

4 

0 


150t 

3 

2 

0 


loot 

6 

10 

0 


loot 

4.5 

6 

0 


150t 

11 

28 

+ 


loot 

12 

64 

+ 


All injections at body temperature. 

* Mammalian Ringer’s solution used, 
t Whole heparinized blood used. 


table 4. In two of the four dogs, nos. 6 and 8, no heart rate changes were 
observed on repeated distention. In dog 5, however, repeated distention 
gave no heart rate change at first; but on the fifth trial a definite cardiac 
acceleration was noted which was also obtained on distention after one and 
then both vagi were severed. In dog 7, on the other hand, distention 
caused a cardiac slowing when the nerves were intact which disappeared 
after bilateral vagotomy. These results suggest that stimulation of the 
end-organs located at the root of the superior vena cava can cause heart 
rate changes, but there may on occasion be a slowing rather than an accel- 
eration depending upon circumstances still unknown. The slowing reflex 
depends upon the vagus since it disappears when the vagi are severed. 



TABLE 3 


Effect of distention of rubber balloon in superior vena cava and right auricle in dog 

with these chambers by-passed 


DOG NUMBER 

MAXIMUM HEAKT RATE CHANGE 
DURING INFLATION 

RESPONSE CONSIDERED 

4 

heals/min. 

-1 

0 


-8 

0 


0* 

0 


6* 

0 


* Premature beats appeared at start of inflation. 


TABLE 4 


Effect of distention of superior vena cava at junction with right auricle by means of 
inflating a balloon on a modified Morawitz cannula in open-chested dogs 
anesthetized ivilh chloralosane 


DOG NUMBER 

MAXIMUM 
HEART RATE 
CHANGE DURING 
INFLATION 

RESPONSE 

CONSIDERED 

REMARKS 


heats/min. 



5 

0 

0 



4 

0 



6 

0 



6 

0 



40 

+ 



36 

+ 

After left vagotom}' 


44 

+ 

After left vagotomy 


47 

+ 

After bilateral vagotomj' 


22 

+ 

After bilateral vagotomy 


22 

+ 

After bilateral vagotomy 

6 

2 

0 

Distention also performed 7 times after 


-1 

0 

complete denervation of the heart with 


0 

0 

no heart rate change 


-5 

0 



4 

0 


7 

-19 

R* 



-43 

R* 



1 

0 

After bilateral vagotomj' 


-4 

0 

After bilateral vagotomy 


4 

0 

After bilateral vagotomy 


-2 

0 

After bilateral vagotomy 

S 

10 

0 



4 

0 



-2 

0 

After bilateral sympathectomy 


-1 

0 

After bilateral sympathectomy 


-2 

0 

After complete denervation of heart 


5 

0 



* The response here vvas definitely the reverse of eardiac acceleration. 
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TABLE 5 

Effect of distention of superior vena cava at junction with right auricle by means of a 
special umbrella-ribbed cannula inserted under local procaine in 
unanesthelized dogs 

I VARIATIONS IN CONTROL HEART RATE 


DOG 

NUM~ 

BER 

Maximum dur- 
ing respiratory 
arrhythmia 
(instantaneous 
rates) 

Maximum in 
different con- 
trol periods in 
course of 
experiment 
(average rates) 

Maximum dur- 1 
ing periods of j 
1 non-respiratory 

1 arrhythmia 
(average rates) 

Average dura- 
tion of non- 
respiratory 
arrhythmic 
cycle 

MAXIMUM 
HEART RATE 
CHANGE 
DURING 
DISTENTION 

RESPONSE 

CONSIDERED 


beaislmin. 

heats/min. 

heats/min. \ 

sec. 

heats/min. 


9* 

13 

6 

none present 

4 

0 






-6 

0 




1 


-12 

0 

! 


1 



-4 

0 

10* 

16 

10 

none ji 

iresent 

0 

0 






8 

0 






4 

0 

11* 

57 

10 

15 

16 

8 

0 






4 

0 






0 

0 






0 

0 

12 

75 

36 

15 

16 

6 

0 






2 

0 






0 

0 



1 



27t 

+ 






12 

0 

13 

80 

70 

none p 

resent 

0 

0 






-6 

0 






0 

0 






-3 

0 

14 

none present 

24 

29 

14 

0 

0 






12 

0 






2 

0 






6 

0 

15 

36 

54 

51 

28 

0 

0 




1 


10 

0 






0 

0 

16 

82 

12 

none p 

resent 

0 

0 






3 

0 






6 

0 


* Animal under i grain morphine sulphate. 

distention period and showed tachypnea and 
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The cardiac acceleration apparentl 3 '^ does not. The absence of heart rate 
changes following distention of the superior vena cava maj'- thus not be the 
absence of a reflex but rather the neutralization of two oppositely acting 
reflex effects. 

Since conditions under anesthesia are different from those in the absence 
of anesthesia, these experiments were repeated in unanesthetized animals 
with the umbrella-ribbed cannula (fig. IB). The results of the 30 experi- 
ments upon 8 animals in which the root of the superior vena cava was 
distended by the expansile ribs of the cannula are shown in table 5 and 



TIME SECOtiOS 



TIME - SECONDS 


Fig. 5. Chart showing effect upon heart rate of distention of root of superior vena 
cava by umbrella-rib cannula inserted in unanesthetizod dogs under local procaine 
anesthesia. A. The cardiac acceleration obtained in only one experiment. B. Typ- 
ical negative effect of distention obtained in other 29 experiments. 

illustrated in figure 5. Except for one experiment in which a cardiac 
acceleration occurred (fig. 5A), all the others were negative (fig. 5B) . 

Care was taken in these experiments to measure properlj'’ the heart rate 
changes since, as shown in table 5, there are variations in the heart rate. 
Some are respiratoiy in origin and can be marked in degree as the first 
column shows, the results being given in instantaneous heart rate, the 
reciprocal of individual cj’^cle lengths. Besides there are longer C 3 Tlic 
fluctuations in heart rate, as shown in the third column. Furthermore, 
these animals varied in their reaction to the continuation of further experi- 
ments so that some variations in the control rates became apparent. These 
variations in rate were taken into account and the average rates finalb'^ 
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measured showed the absence of cardiac acceleration except for the one 
experiment which produced an increased heart rate. In this experiment, 
the heart rate during the control period was rapid, and during distention 
the dog became excited, displayed tachypnea and dyspnea, and the heart 
rate showed an increase of 27 beats/min. Thus, while a cardiac accelera- 
tion was present, it differed from that following increase in venous return 
by having respiratory and affective concomitants which are absent when 
the venous return is increased. 

CONCLUSIONS 

Our experience reveals the presence of reflexogenic end-organs in the root 
of the superior vena cava, which in the chloralosanized animal can produce 
tachj'-cardia, bradj'-cardia and ectopic rhythms, but has apparentlj’- no 
effect in the unanesthetized animal with the exception of the solitary 
occurrence of tachycardia as part of the picture of dyspnea, tachypnea and 
excitement. 

There is, therefore, no clear evidence to indicate that the region at the 
root of the superior vena cava is implicated in the cardiac acceleration 
following increase of the venous return. The location at which the Bain- 
bridge reflex is initiated still remains to be determined. 

We are indebted to several members of the department for technical 
assistance, especially to Mr. R. Asher. 

REFERENCES 

(1) Bainbridge, F. a. J, Physiol. 60 : 65, 1915. 

(2) Sassa, K. and H. Miyazaki. J. Physiol. 64: 203, 1920. 

(3) Anrep, G. V. and H. N. Segall. J. Physiol. 61: 15, 1926. 

(4) WiGGERs, C. J. and L. N. Katz. This Journal 68: 439, 1922. 

(5) DeGraff, a. C. and J. Sands. This Journal 74: 400, 1925. 

(6) Hetmans, C. Personal communication. 

(7) Nonidez, j. F. Am. J. Anat. 61: 203, 1937. 

(8) Hamilton, AV. F., G. Brewer and I. Buotman. This Journal 107: 427, 1934. 



THE ORIGIN OF RENIN-ACTIVATOR 

IRVINE H. PAGE, BARTON McSWAIN, G. M. KNAPP and W. D. ANDRUS 

From the Lilly Laboratory for Clinical Research, Indianapolis City Hospital, 
Department of Surgery, The New York Hospital, and Cornell 
University Medical College 

Accepted for publication September 29, 1941 

Purified renin alone is not a vasopressor substance. This was shown by 
testing the various fractions leading to the purification of renin in the proc- 
ess of Helmer and Page (1) in both intact animals and isolated rabbit’s, 
ears perfused with Ringer’s solution. As purification progressed it was 
observed that greater pressor responses occurred in intact animals and 
weaker vasoconstriction in perfused ears. From these experiments came 
the conclusion that during the chemical manipulations incident to purifi- 
cation of renin some substance had been lost requisite to its pressor action. 
This substance proved to be contained in blood plasma, for its addition, 
with a suitable period allowed for reaction, restored full acti^dt 3 ^ Frac- 
tionation of plasma showed the substance to be contained in the pseudo- 
globulins. It is heat labile, precipitated bj’’ ammonium sulfate and does 
not pass an ultra-filter. It has, therefore, the characteristics of a protein. 

The logical conclusion from these experiments is that the pressor action 
of renin is due to some substance liberated bj'^ the interaction of renin and 
the pseudoglobulin fraction of blood. We have isolated and crystallized 
the reaction product and named it angiotonin. Independent!}’’ Braun- 
Menendez, Fasciolo, Leloir and Munoz (2) separated a substance having 
properties similar to those of angiotonin. They named it liypertensine. 

When it was discovered that the pressor action of renin was an indirect 
one due to the formation of another substance, it seemed desirable to denote 
the members of the system with names as little suggestive of function as 
possible. We chose the name, “renin-activator,” to connote merely that 
renin was inactive in its absence. It is true that the term “activator,” 
has other meanings not necessarily applicable to the renin-angiotonin 
system and to that extent the term is undesirable. Braun-lMenendez has 
preferred the term hypertensinogen, which implies that it is the substrate 
on which renin acts. Both groups of investigators have presented evidence 
that the reaction between renin and renin-activator is enzymatic in nature 
and both have suggested that the pseudoglobulin fraction was the sub- 
strate. But it must be emphasized that this has not been proved and that 
the published evidence does not justify the acceptance of the suggestion 
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that renin splits off angiotonin from a substrate variously called renin- 
activator or hypertensinogen. For these reasons, lacking a bettei teim, 
we prefer to continue the use of the terra “renin-activator,” until such time 
as the mechanism of the reaction is fully understood. 

As Page showed (3), one of the interesting characteristics of renin- 
activator is that it is present in blood in very limited amounts. Injection 
of renin quickly exhausts the store of renin-activator and leads to renin 
refractoriness or the so-called phenomenon of tachyphylaxis. Kohlstaedt, 
Page and Helmer (4) found renin-activator in the blood after hypophy- 
seetomy, adrenalectomy and nephrectomy. The most probable source is 
quite evidently the liver and it is the province of this paper to explore this 
possibility. 

Methods. Dogs of 12 to 15 kgm. body weight were used in all experi- 
ments. The action of the liver was either abolished by hepatectomj'- or 
reduced hy administration by stomach tube of a mixture of equal parts of 
ethyl-alcohol and carbon tetrachloride. 

At the initial operation an Eck-fistula was made using the technique 
of Fishback (5). From 2 days to 2 weeks later, the liver was removed, 
employing the technique of Markowitz, Yater and Burrows (6). The 
animals appeared to survive longer after hepatectomy if the period between 
operations was about 2 to 4 daj^s rather than longer times. The mortality 
was very high when both operations were performed in one stage. After 
hepatectomj’- hourly injections of 0.25 gram of glucose per kilogram body 
weight were given. 

Some of the animals lived as long as 14 hours, but many died in from 
2 to 9 hours. At various intervals after hepatectomj’' the left common 
carotid artery was cannulated and blood pressure recorded from it. An- 
giotonin prepared by the method of Page and Helmer (7) and renin pre- 
pared by that of Helmer and Page (1) was injected into the femoral vein 
to ascertain their pressor responses. Samples of blood were taken into 
heparin solution, centrifuged and the plasma drawn off. The renin- and 
angiotonin-activator content of this plasma was determined by perfusion 
through a rabbit’s ear after the addition of renin and angiotonin re- 
spectively, according to the method of Page (8). Hypertension was pro- 
duced by the silk perinephritis method (9) or by silver clips applied to the 
renal artery sufficiently tightly to produce a distinct thrill just distal to 
the point of application. 

Results. Amounts of angiotonin and renin were administered for test 
purposes which gave a rise of arterial pre.s.sure of from 30 to 50 mm. Hg 
for renin and 15 to 26 mm. Hg for angiotonin in normal dogs. Often as 
shoi t a time as 2 to 3 houis after hepatectomy, the pres.sor response to 
renin was completely abolished while that to angiotonin remained un- 
affected (table 1). Even after 8 to 14 horn's the angiotonin response con- 
tinued, long after renin elicited none. 
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TABLE 1 


The effect of hepaleclomy on the pressor responses to angiotonin and renin and 
the renin-activator content of plasma 


DOG NO. 

HOURS 

AFTER 

HEPATEC- 

TOMY 

AMT. 

ANGIO- 

TONIN 

B.P. 

RISE 

AMT. 1 
RENIN 1 

i 

B.P. RISE 

AMT. 

PLASMA 

PER- 

FUSED 

RENIN 

ADDED TO 

PLASilA 

PERFD 

ringer’e 

THR 

RABBI 

Reduc- 
tion of 
flow: 
time 

SION OF 
\ SOLUTION 
OUGH 
:t*8 ear 

Reduc- 
tion of 
flow 



CC. 

mm. Hg 

CC. 

mm. Hg 

CC. 


minutes 

per cent 







0.2 

0 

H 

53 

1 

0 

0.2 

14 

0.3 

56 

0.2 

+ 

4 

87 







0.2 

0 

21 

65 


4 i 

^2 

0.2 

22 

0.3 

12 

0.2 

+ 

41 

88 







0.2 

0 

21 

57 


— 





0.2 

+ 

11 

65 







0.1 

0 

1 

2 

8 

2 

6 

0.2 

20 

0.3 

0 

0.1 

+ 

If 

44 







0.1 

0 

i 

23 


S 

0.2 

8 

0.3 

0 

0.1 

+ 

If 

42 



i 




0.1 

0 

1 

47 

3 

0 





0.1 

+ 

41 

88 







0.1 

0 

f 

21 


6 

0.2 

8 

0.3 

0 

0.1 

+ 

1 

16 







0.1 

0 

1 

25 


8 

0.2 

16 

0.3 

0 

0.1 

+ 

1 

26 







0.1 

0 

3 

4 

26 


9 

0.2 

1 

10 

0.3 

0 

0.1 

+ 

11 

31 







0.2 

0 

1 

4 

7 

4 

0 





0.2 

+ 

51 

47 







0.2 

0 

1 

2 

16 







0.2 

+ 

31 

35 







0.2 

0 

1 

7 



0.2 

8 

0.3 

0 

0.2 

+ 

11 

12 







0.2 

0 

1 

14 



0.2 

6 

0.3 

0 

0.2 

+ 

1 

4 







0.2 

0 

1 

2 

14 

5 

6 

0.4 

12 

0.3 

0 

0.2 

+ 

3 

4 

20 







0.1 

0 

11 

43 

6 

0 





0.1 

+ 

31 

72. 







0.1 

0 

X 

S 


6 

0.4 

12 

0.2 

0 

0.1 

+ 

2 

21 







0.1 

0 

1 

4 

21 


8 





0.1 

+ 

J 

2 

21 
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JTKCXfr 

iWlTCI 

•n'illj 


j rir.‘ 

'■ 5 ! 


i S 
iJ 
Si 


' « 
23 
32 

37 

SS 

2 ) 

IS 

2J 

26 

26 


7 

37 

36 

3o 

7 

S3 

13 

3 

13 

£ 


TABLE Concluded 


POO NO. 

HOURS 

ArXER 

HEPATEC- 

TOMY 

AMT. 

angio- 

tonin 

B.P. 

RISE 

AMT. 

RENIN 

B.P. RISE 

AMT. 

PLASMA 

PER- 

FUSED 



cc. 

771)11. Hg 

CC, 

jnm, II g 

CC. 







0.1 

7 j 

6 ! 

0.2 

10 



0.1 

8 * 

2 

0.4 

12 

0.3 j 

0 j 


9 

6 

0.4 

12 

0.2 

0 








0.1 

10 

6 





0.1 







0.1 


8 





0.1 







0.2 

11 

0 

0.3 

18 



0.2 


31 

0.3 

16 

0.3 

2 

0.2 


6 

0.3 

16 

0.3 

0 



Hepatectomy markedly and quickly reduced the i 
tent of plasma. Its loss and the reduction or loss o 
of renin paralleled one another. As an example, the 
before operation caused, after the addition of renin, va 
rabbit’s ear of 88 per cent of the initial value, lastii 
hours later, when the pressor response of the intact ai 
addition of renin to the plasma and perfusion through 
16 per cent vasoconstriction, lasting ^ minute. Cleg 
hepatectomy removed the chief source of renin-actii 
tonin-activator (10) and the pressor response to an{ 
affected by hepatectomy (table 2, typical examples f 
it is assumed that the liver is not the source of ang 
Hepatectomy was performed in seven hypertensive 
result of this series of experiments was that death oc{ 
short time after operation. Normal dogs after hepat 
vived from C to 11 hours after the operation, but the rj 
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It was thought possible to produce a state similar to, but less severe 
than, that resulting from hepatectomy by injuring the liver by chemicals. 
Carbon tetrachloride-alcohol mixtures proved satisfactoiy though the 
varj’-ing amounts tolerated by different animals made uniformitj'- in the 
experiments impossible. In normal animals administration of the mixture 
had no definite effect on arterial blood pressure until the animal became 


TABLE 2 


Effect of hepatectomy on renin- and angiotonin-aclivator content of plasma 



BENIN ADDED 

ANGIOTONIN ADDED 

CONDITIONS OF EXPERIMENT 

1 Plasma 

Reduction 
ot flow: 
time 

Reduction 

1 of flow 

I Plasma 

Reduction 
of flow: 
time 1 

Reduction 
oi flow 


First experiment 



CC. 

minutes 

per cent ' 

CC. 

minuies 

per cent 

Pre-operative 

0.4 

4 

72 

0.2 

2| 

61 

10 hours post-operative 

0.4 

i 

20 

0.2 

1 

34 

13 hours post-operative 

0.4 


17 

0.2 

1 

30 

Pre-operative 




0.2 

21 

56 

13 hours post-operative 




0.2 

1 

29 


Second ear 


Pre-operative 

0.4 1 

4 

65 

0.2 

3-1 

59 

10 hours nost-operative 

0.4 


15 

0.2 

2| 

31 

13 hours post-operative 

0.4 

1 

1 

17 

0.2 

21 

34 







Second experiment 


Pre-operative 

0.1 

21 

68 

0.1 

4 

6 hours post-operative 

0.1 

1 

2 

20 

0.1 

21 

S hours post-operative 

0.1 

1 

4 

12 

0.1 

2 

Pre-operative 

0.2 

31 

69 

0.1 

31- 

8 hours post-operative 

0.2 

1 

4 

10 




verj" sick (table 3, examples taken from 6 similar experiments); The 
response to angiotonin was unaffected but that to renin was graduall}’’ lost. 
Again there was parallelism between the loss of renin-activator from the 
plasma and lack of response to renin. Equally true was that angiotonin- 
activator was unaffected. 

The alcohol-carbon tetrachloride mixture was administered to 5 dogs 
with hypertension due to silk perinephritis. After several da 3 \s to a week, 
arterial pressure usuallj' fell and the renin-activator content of the plasma 
was reduced (table 4, examples from 5 experiments) . 


















TABLE 3 


The effect of administraiion of equal amounts of carbon tetrachloride and alcohol on the 
activator content of femoral blood and the responsiveness of normal dogs to 
hijcclion of angioionin and renin 




o 

o 

o 

RENIN ADDED 

TO PLASMA 

angiotonin 
ADDED TO 
PLASMA 

1 

RESPONSE OF DOG TO THE | 
INJECTION OF j 




•< 

-2 Q 


1 Rabbit's Ear Perfusion I 

Angiotonin j 

1 r, . 1 

Renin I 




O B 






















DATE I 



§ 


° 1 

*o o 

*o 




1 



Z 



cS 

c ! 

c £ 

c 





z 


« 



.2 ’-5 

.2 1 

.9'^ 


■*3 

O 

cn 


CO 

5 



P ^ 1 




S § 

^ > 



3 

u 

K 



o 5 ^ 

g 


"O P 1 
t) w 

'S'p 

*3,2 

s 


1 

pH* 

n 


n 

< 

< 

« ! 

K 

« 

W 

-j; 






Dog 15 



7nm. 

Hg 

cc./hgm. 

€C. 

minvles 

i 

per cent 

1 

mznu/es 

per cent 

cc. 

mm. 

Hg 

CC. 

mm. 

Hg 

mgm. 

per 

100 cc. 

4/10/40 

136 

i 

0.2 

21 

68 

2 

42 

0.5 

16 

0.1 

10 


4/11/40 



0.2 

3 

70 

21 

47 






4/12/40 

100 


0.2 

2 

71 

2h 

58 






4/15/40 

104 


0.2 

2 

58 

3 

41 






4/17/40 

102 


0.2 

U 

47 

2 

46 






4/18/40 

92 







0.5 

14 

0.1 

6 

3.3 





1 


1 


1.0 

20 

0.3 

12 


4/19/40 



0.2 

2 

57 

2 

48 






4/22/40 



0.2 

2i 

61 

2 

39 






4/24/40 

92 


0.2 

2 

49 

2 

40 






4/26/40 

100 


0.2 

11 

58 

U 

44 






4/30/40 

100 

4.0 

0.2 

U 

56 

u 

46 






5/ 1/40 


4.0 

0.2 

u 

49 

2 

53 






5/ 2/40 

96 

4.0 

0.2 

U 1 

58 

2 

47 






5/ 3/40 


4t0 

0.2 

H 

60 

2^ 

45 





4.3 

5/ 6/40 

94 

4.0 

0.2 

i 

4 

12 

2 

53 









0.8 

1 

33 











0.2 

1 

4 

12 



0.5 

12 

0.1 

0 


5/ 7/40 



1.0 

1 

4 

21 


1 

1.0 

18 

0.3 

4 

5.5 

Dog 16 

4/12/40 

108 

4.0 

0.2 

3 

70 

2 

54 

1.0 

20 

0.3 

26 


4/15/40 

108 

4.0 

0.2 


62 

H 

40 






4/17/40 

98 

4.0 

0.2 

1 

48 

2i 

42 

1.0 

18 

0.3 

16 

2.1 

4/18/40 



0.2 

1 

2 

30 

1 

44 






4/20/40 



0.2 

0 

0 








4/22/40 

96 


0.2 

0 

0 

1 

50 






4/23/40* 

84 


0.2 

0 

0 

1 

56 

1.0 

14 

0.3 

0 

3.6 

Dog 17 

3/31/40 1 

132 

0 

0.2 

2 

61 

2^ 

40 






4/1/40 i 

138 

4 

0.2 

2 

68 

21 

42 






4/ 2/40 

148 

2 

0.2 

2i 

61 

H 

54 






4/ 3/40 

138 

4 

0.2 

2-1- 

65 

2 

50 






4/ 4/40 

150 

8 











4/ 5/40 

130 

8 

0.2 

1 

47 

H 

51 






4/ 6/40 


0 

0.2 

1 

! 4 

31 

1 1 

40 






4/ 7/40 

134 

0 

0.2 

1 

38 

i 






3.0 

4/ 9/40 
4/ 9/40* 

114 

0 

1 

1 



1 








* Dog died. 
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TABLE 4 


The effect of administration of carbon tetrachloride pins alcohol to hypertensive dogs on 
the blood pressure and vasoconstrictor response to renin 


DATE 

B.P. MEAN 

AMT. OF CC!*- 
ALCOHOD 
ADMINISTERED 

RENIN ADDED TO PLASMA 

Amt. plasma 

Reduction in 
flow: time 

Reduction in 
flow 

No . 12 

■■Mi 

mm. Hg I 

cc. per hgm. 

cc. 

minxites 

per cent 



0 






0 





182 

2 


4| 

70 


146 

2 



79 


140 

2 

0.2 

1 ' 
2 

34 

■m 

120 



j 


No . 13 

— 

220 

0 





190 

0 





186 

2 

0.2 


67 


190 

2 

0.2 

1 

29 


196 

2 


1 



200 

2 





180 

2 

0.2 


16 


No . 14 


7/ 2/40 

218 

2 

0.2 

2 i 

51 

7/ 5/40 

184 

2 ! 

0.2 

n 

30 

7/ 8/40 

170 


0.2 

n 

46 

7/ 9/40 


1 

0.2 

3 

4 

40 

7/10/40 



0.2 

1 ! 
4 

12 

7/11/40 

200 

2 


1 


7/12/40 

156 

1 

0.2 

1 

4 

24 

7/15/40 

178 

1 

0.2 

3 

4 

48 

7/16/40 

138 

1 




7/23/40 

112 

1 

0.2 

U 

49 

8/ 2/40 

138 


0.2 


60 

8/12/40 

228 

* 1 

0.2 

2 

28 

8/15/40 

194 

1 

0.2 

2 

59 

8/16/40 

174 

1 

0.2 

If 

65 

8/19/40 

190 

1 

0.2 

1* 

64 

8/26/40 1 

170 

1 

0.2 



8/28/40 ! 

193 

1 




8/30/40 

212 

1.5 




9/ 3/40 

184 

1.5 




9/ 4/40 


1.5 




9/ 5/40 


1.5 




9/ 6/40 

200 

1.5 




9/ 9/40 

198 

1.5 




9/14/40 

198 

1.5 




9/10/40 

174 

1-5 

0.2 

21 

46 

9/19/40 

130 

1.5 
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Discussion. Several hours after hepatectomy in dogs the renin- 
activator content of plasma is significantly reduced and in most cases 
almost disappears and simultaneously, the pressor response to injected 
renin is decreased or abolished. On the other hand, angiotonin-activator 
is not changed by the operation and the pressor response to angiotonin 
continues unimpaired. The most reasonable explanation for these ob- 
servations is that extirpation of the liver removes the source of renin- 
activator and, since it is necessary for the formation of angiotonin, no 
pressor response occurs when renin is injected into the circulation. That 
the animal is capable of response to other pressor agents is shown by the 
fact that angiotonin continues to cause a rise of arterial pressure when 
renin does not. 

The experiments in which carbon tetrachloride-alcohol mixtures were 
used to damage the liver and so reduce the renin-activator were partiall}^ 
successful. The difficulty with such experiments is that the tolerance for 
carbon tetrachloride and alcohol in different dogs is extraordinarily vari- 
able. Some die after three or four doses of 4 cc. per kilogram body weight 
while others will tolerate 10 to 20 times as much. 

The arterial pressure and renin-activator in hypertensive dogs tends to 
decrease when sufficient amounts of carbon tetrachloride-alcohol mixture 
are given. This might be interpreted as indicating a direct relationship 
between the pressure change and renin-activator change. Since carbon 
tetrachloride and alcohol are toxic to other parts of the body, these experi- 
ments can onlj’’ be used to support those in which the liver is actually 
removed. < 

Summary. 1. Removal of the liver in dogs causes the renin-activator 
in the plasma to be reduced or disappear. Simultaneously the pressor 
response to injected renin is reduced or disappears. 

2. Hepatectomy has no marked influence on the angiotonin-activator 
content of the blood or the pressor response to injected angiotonin. 

3. Administration of mixtures of carbon tetrachloride and ethyl alcohol 
by mouth to normal dogs causes both the renin-activator content of the 
plasma and the pressor response to injected renin to be reduced. 

4. The arterial blood pressure and renin-activator content of plasma of 
hypertensive dogs is reduced by administration of carbon tetrachloride- 
alcohol mixtures. The tolerance of different dogs to these toxic substances 
is extraordinarily variable. 

5 . Hepatectomy appeai’ed to cause death in hypertensive animals more 
quickly than in normal ones, and renin-activator tended to disappear more 
rapidlj\ 


CONCLUSION 

The liver is the chief source of renin-activator and its removal or damage 
by toxic substances in normal and hypertensive dogs reduces the renin- 
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activator content of plasma and hence the pressor response to injected 
renin. The pressor response to angiotonin and the angiotonin-activator 
of blood remains unaffected by these procedures. 
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It has been known for some time that all species do not respond in the 
same manner to the removal of the pancreas. Of particular interest in 
this regard is the observation first made by Minkowski (1) and subse- 
quently confirmed by others, that the depan creatized domestic fowl does 
not develop the hyperglycemia and glycosuria that occur in similarly 
treated dogs or cats. The fact that removal of the panci’eas from the 
chicken or duck leaves no other source of insulin (2) but apparently per- 
mits the animal to utilize carbohydrate in a normal manner, has raised 
numerous speculations. It is possible to deduce from this that following 
pancreatectomy in birds there is some change in the mechanism of carbo- 
hydrate metabolism which enables them to dispense with insulin. On 
the other hand, the lack of metabolic changes may be due to some inherent 
deficienc 3 ^ in the activity of the pituitary or adrenal glands of the fowl 
(3). However, attempts to establish the character of the metabolic and 
glandular changes consequent to pancreatectomy in the fowl has thus far 
been unsuccessful. 

Although it has been shown that in spite of the total removal of the 
pancreas from chickens and ducks the liver can store glj^cogen (3), the 
respiratory quotient is elevated by feeding glucose (4), the response to the 
injection of exogenous insulin is normal (3), few studies have been per- 
formed with relation to the metabolism of fat in the depancreatized duck. 
In an attempt to obtain further information concerning this interesting 
phenomenon, we studied some aspects of carbohydrate and fat metabolism 
of both normal and depancreatized domestic ducks. 

Experijiental. One hundred and thirty-five white domestic ducks 
(bred by the Camp Creek Duck Farms), weighing initially from 4 to 5 
pounds were used in this study. For operation, animals were anesthetized 

' Presented in part before the American Physiological Society, March 1940, Nem 
Orleans, La. ’ 

^ Leo Lehman Fellow. 
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with an intraperitoneal injection of from 60 to 75 mgm. of sodium amytal 
per kilo of body weight. By careful dissection the whole pancreas was 
removed; completeness of removal was verified a subsequent post 
mortem examination. Blood sugar was determined by the Somogjd 
modification of the Shaffer-Hartman method, and the total acetone bodies 
by a modification of Barnes’ procedure (5) . Samples of blood were drawn 
from the wing vein before the operation and at dailj'’ intervals thereafter. 
The various experiments that were performed with both normal and de- 
pancreatized ducks are discussed below. 

Blood sugar and body weight changes. Two procedures were employed 
in studying the changes consequent to pancreatectomy in the duck. Im- 
mediatel}'^ following the operation, one set of animals was permitted to eat 
freelj^ of a "duck grower" diet,-’’ whereas another set of depancreatized 
ducks was deprived of food for about 30 days. 

In confirmation of the observations of others, it was noted that extirpa- 
tion of the pancreas resulted in a relatively insignificant change in the blood 
sugar level. Even if a slight increase in Islood sugar occurred immediately 
after the operation, a return to normal was observed to take place within 
one week. 

Immediate!}" after the pancreatectomy, there was a gradual ljut definite 
loss in body weight. Thus, the average change in weight of the depan- 
creatized-fed animals was a drop of 16 per cent in 9 days and 38 per cent 
in 30 days; of the depancreatized-fasted animals, a drop of 22 per cent in 
9 days and 48 per cent in 30 days; of the normal-fasted ducks, a drop of 
17 per cent in 9 days and 42 per cent in 30 da 5 "s. Comparison of these 
data reveals that there was very little difference between the loss of weight 
of the normal-fasted, depancreatized-fed, and depancreatized-fasted groups 
of animals. 

In order to determine whether the loss in weight was due to some specific 
metabolic change associated with the loss of insulin or to the loss of the 
external secretion of the pancreas, a series of depancreatized animals was 
given a diet containing 74 parts "duck grower,” 24 parts raw pancreas, and 
2 parts pancreatin.^ It was observed that with the ingestion of pancreas 
and pancreatin, the loss of weight Avas retarded partially or even completelj" 
in the depancreatized ducks. This also occurred Avhen pancreatin alone 
was added to the duck diet. Thus, a depancreatized duck which Aveighed 
1.5 kgm. AA'as placed on a diet containing pancreatin, and in t\A'elA"e da3"S 
the AA-eight rose to 2.01 kgm. In spite of the fact that the pancreatin 
retarded the loss of AA'eight, no effect on the blood sugar IcA^el AA'as noted. 

’ Purch.'ised from Camp Creek Duck Farms, Monticello, Illinois. 

e are indebted to Dr. David Klein of the Wilson Laboratories for generous 
supplies of pancreatin. 
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This suggests that insulin insufficiency is not the factor responsible for the 
loss of weight. 

Sugar tolerance curves. Three types of studies were performed utilizing 
the sugar tolerance curve. Tests were performed on fed-depancreatized 
ducks (18 hrs. after withdrawal of food) within two to three days after 
pancreatectomj'^ and again in the second or third week after pancreatec- 
tomy. In all instances, 1.75 gram of glucose per kg. was injected intra- 
venously (as a 30 per cent solution) and blood samples drawn at various 
intervals thereafter. No significant differences between the blood sugar 
curves of the normal and depancreatized ducks could be demonstrated 
(fig. 1, curves 1 and S). 



Fig. 1. Sugar tolerance curves of fed and fasted normal and depancreatized ducks. 
Fig. 2. The influence of pancreatectomy on the accumulation of acetone bodies 
in the blood of the duck. 


Since it is knotvn that the repeated administration of glucose will re- 
sult in an exaggerated disturbance of the blood sugar curve of depancrea- 
tized dogs or cats, this phenomenon was likewise studied in depancreatized 
ducks. One and seventy-five hundredths gram of glucose per kg. was ad- 
ministered intravenously to fed depancreatized ducks at hourly intervals 
and blood samples drawn just before each injection. No significant 
differences between the curves of the normal and of the depancreatized 
ducks could be demonstrated. 

A comparison of the sugar tolerance curve of fasted and fed normal and 
depancreatized ducks was made. It was observed that the normal duck, 
after a period of fasting of from 10 to 20 days, developed a typical diabetic 
response. A similar response was observed in the depancreatized ducks 
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even though normal curves had been obtained previously in the same ducks 
when they were not fasting (fig. 1, curves 2 and 4)- 

Keiogenesis. Although a number of investigators have studied various 
aspects of the carbohydrate metabolism of the depancreatized duck, we 
are not aware of similar studies mth reference to fat metabolism. It is 
now known that the acetone bodies, j8-hydroxybutyric and acetoacetic 
acid are normal intermediaries in fat oxidation, and that these substances 
are utilized quite freely by the muscles of mammals (6). Furthermore, it 
is known that for the dog, rat and rabbit the rate of acetone bodj'' utilization 
is dependent upon the concentration of these bodies in the tissues, and that 
up to a certain level the rate of utilization parallels the blood concentration 
(7). Hence, by studying the ketonemia of depancreatized ducks, it may 
be possible to estimate not only the rate of acetone bodj'- formation, but 
also to obtain some index of acetone body utihzation. In this Avay a 
criterion of the rate of fat metabolism may be obtained. It was observed 
that the fed, depancreatized duck showed a slight ketonemia immediately 
after operation which dropped to an insignificant level wdthin one week. 
The normal-fed duck on the other hand show^ed no ketonemia. When the 
normal duck was fasted, a rapid accumulation of acetone bodies in the blood 
stream occurred. The fasted, depancreatized duck likewise show^ed a rapid 
accumulation of acetone bodies in the blood up to about the sixth day of the 
fast when the acetone body level became relatively constant (fig. 2). 
Subsequently, a decrease in the blood level occurred. This observation is 
of interest especially when one compares the ketonemia of fasting ducks 
vdth that of fasting dogs. Thus, the fasted normal dog develops a very 
slight ketonemia after 9 days of fast. On the other hand, the fasted, de- 
pancreatized dog develops a more severe ketonemia after a similar interval 
of time. The impression gained from these studies is that whereas 
pancreatectomy increases the susceptibility to fasting ketosis in the dog, 
the reverse is the rule with the duck (fig. 3). 

In order to accelerate the rate of fat catabolism, the influence of phlorhi- 
zin administration in normal and depancreatized ducks was studied. It is 
a well known phenomenon that the administration of phlorhizin to the 
depancreatized dog results in an acceleration of the rate of acetone body 
accumulation in the blood to a much more marked degree than can be ob- 
served in the normal dog. However, in the case of the duck, the daily 
subcutaneous administration of f gram of phlorhizin suspended in oil 
resulted in a much greater accumulation of acetone bodies in the blood 
of the normal duck than in that of the depancreatized duck (fig. 4) . Blood 
levels as high as 170 mgm. per cent were observed in some phlorhizmized 
normal ducks. Of interest is the fact that after approximately 15 daj'^s of 
phlorhizin administration the depancreatized duck shows a drop in the 
blood acetone body level, whereas the normal duck shows a continued 
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accumulation of these bodies. Blood sugar determinations made simul- 
taneously with the acetone body determinations revealed an insignificant 
decrease in the blood sugar level, and nitrogen excretion data likewise 
showed insignificant changes from the control. 

Hepatectomy. In order to determine the influence of hepatectomy, the 
livers from the normal and depancreatized ducks were removed and the 
rate at which the blood sugar fell w'as determined. No significant differ- 
ence was observed between the drop in the blood sugar of normal and of 
depancreatized ducks. 

Influence of various hormones. In view of the suggestion that the an- 
terior pituitary may function inefficiently in the duck insofar as carbohj’^- 



Fig. 3. Comparison of the ketonemia of fasted ducks and dogs. 

Fig. 4. Illustrating the influence of the daily subcutaneous injection of phlorhizin 
on the level of total acetone bodies in the blood of normal and depancreatized ducks. 


drate metabolism is concerned, it became of interest to study the influence 
of various extracts. Fresh beef glands were extracted according to the 
procedure outlined by Young (8) and intraperitoneal injections of the 
equivalent of from 1 to 5 grams of whole anterior pituitary glands were 
given daily. No effect of these injections on the blood sugar of the de- 
pancreatized duck was observed. This response differs markedly from 
that observed with mammals, since in the latter the administration of such 
extracts after complete or partial pancreatectomy results in a marked 
exaggeration of the diabetic sjmdrome. 

Since it has been observed by Zondek and I^Iai-x (9) and by Lorenz 
Chaikoff and Entenman (10) that estrogenic materials will raise the blood 
fats of chickens, it was considered of interest to study the influence of the 
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administration of estrin on the blood sugar level and on the rate of acetone 
body accumulation in the blood. No significant effect was noted. 

Discussion. Our data do not give any clue to the mechanism whereby 
the depancreatized duck maintains an apparently normal state of carbo- 
hydrate metabolism. The loss of weight consequent to pancreatectomy 
can be attributed to a loss of the external secretion as is suggested by the 
fact that the administration of pancreatin or of raw pancreas permits the 
depancreatized duck to maintain its weight or even to gain weight. The 
fact that diabetic sugar tolerance curves occur in both normal and de- 
pancreatized ducks on fasting but not when fed suggests that the delay in 
the removal of exogenous sugar from the blood stream is independent of the 
presence of the pancreas. 

Of interest is the observation that the normal-fasted duck develops a 
more marked ketonemia than do similarly treated dogs. The fact that 
with feeding, the depancreatized duck does not develop a significant ke- 
tonemia is in accord with the observations on mammals. The only 
metabolic disturbance that we have observed that may be attributed to 
the loss of the pancreas is the somewhat slower rate of acetone body ac- 
cumulation in the depancreatized duck as compared with the normal duck. 
Furthermore, the acetone body level is not maintained at as high a level 
for as long an interval in the depancreatized duck as in the normal duck. 
This is also true for the phlorhizinized animals. These data suggest that 
some disturbance either in the transport of fat from the depots or in the 
oxidation of fat in the liver ensues in consequence of pancreatic removal. 
This need not be due necessarily to a loss of insulin, for the recent studies 
of Montgomery, Entenman, Chaikoff and Nelson (11) indicate the presence 
of an essential factor for fat metabolism in the external secretion of the 
pancreas. 

It is possible that a fatty liver may be a factor in the prevention of hyper- 
glycemia, a phenomenon which is known to occur in the depancreatized 
dog. However, analysis of the livers of many depancreatized ducks re- 
vealed concentrations of glycogen and fat similar to those observed in 
normal ducks. The studies with saline extracts of the anterior pituitary 
and with estrin suggests that an inadequacy of the anterior pituitary is 
not the factor responsible for the state of the depancreatized duck. 

In view of the fact that most herbivorous animals develop a relatively 
mild degree of diabetes consequent to pancreatectomy, it occurred to us 
that the nutritional habits of the species may be an important factor. 
Hence, an attempt was made to convert the domestic duck, which is a 
herbivorous animal, to a carnivorous one. For that purpose one day old 
ducks were started on* a diet consisting of raw ground beef and this diet 
was continued until the animals were approximately one year of age. 
The pancreas of such an animal is not normal, in that it is much smaller in 
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size and quite fibrotic. Removal of the pancreas from such animals 
resulted, in many instances, in a marked hj’^perglj’^cemia to levels as high 
as 500 mgm. per cent on the first, second and sometimes third day after 
.the operation, at which time the animals either died or the blood sugar 
returned to normal. The administration of insulin immediately after the 
operation did not prolong their lives. Although suggestive, this study 
does not indicate that the meat fed duck is essentially more susceptible to 
the development of diabetes than is the herbivorous duck. 

SUMMARY AND CONCLUSIONS 

Pancreatectomy of the duck does not result in any significant disturbance 
in the blood sugar level, the sugar tolerance curve, or in the response to the 
repeated injection of sugar. 

The ingestion of pancreatin and raw pancreas inhibits the loss of weight 
consequent to pancreatectomy. 

The sugar tolerance curves of fasted ducks are equally prolonged in both 
normal and depancreatized ducks, suggesting that a lack of insulin is not 
responsible for the diabetic curve of fasting. 

Fasting induces a greater ketosis in the normal duck than in the de- 
pancreatized duck. 

Phlorhizin administration results in a more marked ketonemia in normal 
than in depancreatized ducks. 

The ketonemia of the fasted-normal duck is greater than that of similarlj’- 
treated dogs. 
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It has been shovTi that a syndrome resembling diabetes insipidus can be 
produced in normal dogs b}'’ repeated injections of desoxy corticosterone 
acetate (1, 2). With the administration of desoxj’^corticosterone there is a 
progressive increase in fluid intake and urine volume, a fall in urine specific 
gravity, a slight but consistent rise in serum sodium concentration and a 
fall in the serum potassium. The “diabetes insipidus” becomes quite 
marked when salt is added to the diet; and when the syndrome is well 
established, attacks of profound muscular weakness make their appear- 
ance. These periodic attacks of muscular weakness or paralysis can be 
alleviated by the administration of potassium salts, and although it is 
difficult to detect a significant disturbance of sodium or potassium balance 
during the "gradual development of the syndrome (1, 2), it has been found 
in the present study that the skeletal muscles of animals d 3 dng in paratysis 
contain large amounts of sodium and less than normal amounts of potas- 
sium. Similar changes in the muscle electrolytes of rats given desoxj’'- 
corticosterone have been observed by Darrow (3). These observations 
suggest a possible exchange between extracellular sodium and intracellular 
potassium. Because an exchange of this type is contrary to accepted 
doctrine, further investigation of the problem seemed warranted. 

Methods. Six normal dogs, four male and two female, were placed 
upon a diet of commercial dog food- and their weights and fluid intakes 
measured during a three week period of preliminaiy observation. At 
various times during the studj”- samples of blood for serum electrobde 
analj'sis were taken and specifnens of skeletal muscle for chemical analysis 
and histological studj^ were obtained under nembutal anesthesia from the 
neck and leg muscles of each animal. 

* Supported in part by a grant from the Carnegie Corporation. 

= Arcadia Milling Co., Chicago, 111. 
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The results of the histological studies mil be reported at another time. 

For the chemical analyses approximately 10 grams of wet muscle were 
weighed in a tightly stoppered weighing bottle of known weight, minced 
and allowed to dry to constant weight in an electric oven at 70 to 90° 
centigrade. The dried muscle was then transferred quantitatively to a 
mortar and thoroughly ground and mixed. The resulting powder was 
placed in a weighing bottle and all samples for analysis were weighed out 
from it by difference. 

In the determination of sodium and potassium, duplicate 0.4 gram 
samples of dried muscle powder were placed in platinum dishes and ashed 
in an electric muffle at 470 degrees centigrade. The ash was transferred 
to 10 cc. volumetric flasks containing 1 drop of phenolphthalein using one 
drop of concentrated hydrochloric acid in the first portion of water to 
dissolve the ash. After the flasks were made up to volume, a small amount 
of calcium oxide was added, enough to make the solution alkaline, and the 
flasks were shaken and allowed to stand over night. The phosphate- 
free solution of ash was then filtered through a 5.5 cm. no. 42 Whatman 
filter paper into a small Erlenmeyer flask. One-half cubic centimeter of 
filtrate was transferred to a 20 cc. volumetric flask, neutralized with 1 
drop of glacial acetic acid and made up to volume. Two cubic centimeter 
aliquots were taken for potassium analysis by the cobaltinitrite method 
(4). For the sodium determinations 7 or 8 cc. aliquots were transferred 
to 30 cc. beakers, made acid with one drop of concentrated hydrochloric 
acid and carefully evaporated in the oven to a final volume of 1 or 2 cc. 
Sodium was then precipitated by the uranyl zinc acetate method (5). 
’ For the determination of chloride, duplicate 0.3 gram samples of dried 
powder were transferred to 50 cc. round-bottom centrifuge tubes. Three 
•cubic centimeters of 0.05 normal silver nitrate in concentrated nitric acid 
and 3 cc. of 8 per cent potassium permanganate were added and the 
■chlorides determined by the procedure of Wilson and Ball (6) . 

For the determination of nitrogen, duplicate 0.03 gram samples of dried 
powder were weighed out and analyzed by the micro-Kjeldahl technique 
(7). The weighed sample was digested with 2 cc. of concentrated sul- 
phuric acid copper sulphate mixture, a glass bead and approximately 0.5 
gram of potassium sulphate until clear and colorless. The digest was then 
transferred quantitatively to a 100 cc. volumetric flask and made up to 
volume. Fifteen cubic centimeter aliquots were distilled, after the addi- 
tion of 10 cc. of 50 per cent sodium hydroxide, into saturated boric acid 
and the ammonia titrated with N/70 normal hydrochloric acid using 
methyl red as the indicator. 

For the determination of fat content approximately 0.5 gram samples of 
dried powder were placed in weighed centrifuge tubes. Five cubic centi- 
meters of ethyl ether were added and the mixture was thoroughly stirred 
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with a fine stirring rod. The rod was rinsed with 3 cc. more of ether and 
the mixture was allowed to stand over night. It was then centrifuged 
and the supernatant carefully decanted. Five cubic centimeters of pe- 
troleum ether were added and the mixture again allowed to stand over 
night, centrifuged, and again decanted. The remaining material was 
allowed to dry to constant weight by evaporation. The total weight lost 
by the sample was considered to represent its fat content. 

For the chemical analysis of serum slight modifications of the usual 
standard methods were used (4, 5, 6, 7). 

Following the control observations the animals were divided into two 
groups of three each. The diet was maintained as usual in both groups 
but one group was given a'solution containing 0.16 per cent potassium 
chloride to drink while the other group received ordinary tap water. 
All the animals were then given daily subcutaneous injections of 25 mgm. 
of desoxycorticosterone acetate dissolved in peanut oil.® 

Results. As a result of the treatment with hormone there was a 
slight rise in the serum sodium concentration, about 4 or 5 milliequivalents 
per liter and a fall in serum potassium concentration, about 1 to 1.5 milli- 
equivalents per liter (table 1). The rise in serum sodium concentration 
was approximately equal in both groups of animals but the fall in serum 
potassium concentration appeared less in the animals receiving potassium 
chloride in the drinking water (table 1). Accompanying these changes in 
serum electrolyte concentrations a rather marked increase in fluid intake 
occmred, both in the animals receiving potassium chloride and in the 
animals not receiving potassium chloride. The intake of fluid gradually 
rose from a daily average of approximately 500 mil. at the start of the 
experiment to about 3500 mil. at the end of four weeks’ treatment \vith 
desoxycorticosterone, quite independent of whether or not the animals 
received potassium chloride. 

During the fourth and fifth weeks of hormone administration a striking 
difference between the animals receiving potassium chloride and the ani- 
mals not receiving potassium chloride became apparent. The animals 
that did not receive potassium chloride became at first intermittent!}’' and 
then severely paralyzed and died. The animals that received potassium 
chloride remained in good health and had no symptoms of paralysis. 
When the administration of potassium chloride was stopped, however, 
paralysis appeared in about four days and was severe in ten days. In 
other words, there was unequivocal evidence that administration of- po- 
tassium chloride prevented the occurrence of attacks of paralysis but had 
no effect upon the development of diabetes insipidus. 

’ Obtained through the courtesy of Roche-Organon, Inc., Nutley, N. J. 
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The results of the chemical analysis of skeletal muscle removed at vari- 
ous intervals during the experiment are presented in table 2. The paraly- 
sis-preventing action of potassium chloride appeared related to the main- 
tenance of a normal electrolyte pattern in the muscle cells. Figure 1 
shows the average amounts of sodium and potassium found in a kilogram 
of fresh dog muscle in the several circumstances of the experiment. In 

TABLE 1 


Chemical analysis of serum of dogs before and after treatment with Doca* 


DOG 

TREATMENT 

Na 

K 

Cl 

PRO- 

TEIN 


REMARKS 

1 

Untreated 

m.eqJL 

146.9 

m.eq./l. 

3.9 

■ 

grams 
per cent 

mgm. | 
per cent\ 


2 

Untreated 

146.0 

4.0 





1 

1 month Doca alone 

149.1 

2.9' 


5.2 

1 

20 

Paralyzed 

3 

Untreated 


3.9 


1 




1 month Doca alone 


2.9 

IB 

6.9 

22 

Paralyzed 

4 

Untreated 

147.6 

4.7 

107.0 





1 month Doca and KCl 

154.4 

3.5 

103.6 

6.1 

22 

No weakness 


2 months Doca and KCl 

150.1 

3.5 

109.1 

6.5 

19 

No weakness 


8 days Doca alone 


2.2 




Slight weakness 

5 

Untreated 

144.4' 

4.2 

106.8 





1 month Doca and KCl 


2.8 


6.5 

22 

No weakness 


2 months Doca and KCl | 

147. 4| 

3.0 

107.7 

7.0 

20 

No weakness 


8 days Doca alone 


3.1 




No weakness 


14 days Doca alone 

154.8' 

3.4 

110.4 

1 


32 

Paralyzed 

6 

Untreated 

144.5 

4.0 

105.0 





1 month Doca and KCl 

150.0 


108.2 

6.3 

16 

No weakness 


2 months Doca and KCl 

148.3 

4.2 

107.8 

7.4 

19 

No weakness 


8 days Doca alone 


2.6 

j 

! 


Slight weakness 


14 daj's Doca alone 

148.1 

2.7 

98.2 

1 

6.0 

25 

Paralyzed 


* Desoxycorticosterone acetate. 


the first column are represented the amounts of sodium and potassium 
found under the normal control conditions before any hormone was given. 
As is usual for dog muscle, there were about 35 m.eq. of sodium and 80 
m.eq. of potassium per kilo of fresh muscle tissue. Similar normal values 
for sodium and potassium were found in muscle biopsies taken from dogs 
receiving potassium chloride and hormone. On the other hand the biopsies 
of muscles taken from paralyzed dogs showed markedly abnormal con- 
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centrations of sodium and potassium, averaging 70 m.eq. of sodium instead 
of the normal 35, 50 m.eq. of potassium instead of the normal 80. 

Since the chloride, water and nitrogen content, of muscle taken from 

TABLE 2 


Chemical analysis of muscle of dogs before and after treatment with Boca* 


DOG 

TBEATMENT 

MUS- 

CLE 

80 L- 

IDSt 

FAT- 

FREE 

FAT IN 
FRESH 
JfUS- 
CLB 

NI- 

TRO- 

GENt 

Nat 

CALCU- 

LATED 

INTRA- 

CELLU- 

LAR 

Nat 

Kt 

cit 

RESIARKS 




grams 

per cent 

grams 

m.eq. 

m.eq. 

m.eq. 

m.eq. 


1 

Untreated 

Leg 

2ig 

1.2 


33.9 

3.4 

82.5 

24.7 



Untreated 

Back 


3.2 


38.8 

6.6 

82.0 

26.1 

- 


1 month Doca alone 

Leg 


1.9 


55.6 

21.3 

54.0 

26.6 

Fatal paralysis} 


1 month Doca alone 

Neck 

217 

2.8 

32.6 

65.8 

24.0 

56.1 

32.4 

Fatal paralysis} 

2 

Untreated 

Leg 

232 

1.7 

34.9 

33.6 

4.2 

80.3 

23.2 



Untreated 

Back 

240 

3.4 

34.3 

34.2 

7.5 

83.9 

21.2 



1 month Doca alone 

Leg 

208 

0.6 

30.9 

61.8 

24.1 

46.9 

30.1 

Paralyzed 


6 weeks Doca alone 

Neck 

236 

0.6 

36.8 

91.2 

51.0 

47.5 

31.1 

Fatal paralysis} 

3 

Untreated 

Leg 

219 


33.0 

41.1 

9.1 

75.4 

26.6 



1 month Doca alone 

leg 

231 


34.1 

49.9 

21.1 

65.9 

21.8 

Paralyzed 


1 month Doca alone 

Neck 

205 


30.6 

88.3 

43.3 

42.3 

34.0 

Paralyzed 


7 weeks Doca alone 

Neck 

247 

1.1 

36.0 

83.0 

49.3 

53.7 

26.1 

Fatal paralysis} 

4 

Untreated 

Leg 

229 

0.9 

35.0 

26.7 

3.6 

91.0 

18.6 



1 month Doca and KCl 

Leg 

235 

1.2 

35.0 

EESl 


84.9 

18.6 

No weakness 


1 month Doca and KCl 

Neck 

228 

1.3 

34.9 

39.2 

6.7 

84.6 

24.2 

No weakness 


2 months Doca and KCl 

leg 

221 

1.8 

33.9 

37.2 

11.5 

82.0 

20.7 



13 days Doca alone 

leg 

194 

1.4 

29.4 

116.0 

57.3 

31.2 

45.4 

Fatal paralysis; 


13 days Doca alone 

Neck 

209 

1.7 

29.5 

89.3 

34.1 

49.9 

42.7 

Fatal paralysis} 

5 

Untreated 

Leg 

204 


30.3 

41.6 

6.8 

80.0 

28.6 



1 month Doca and KCl 

Leg 

220 

2.0 

33.1 

34.8 

10.3 

83.2 

19.2 

No weakness 


1 month Doca and KCl 

Neck 

219 

3.2 

33.6 

38.1 

7.3 

89.7 

24.1 

No weakness 


2 months Doca and KCl 

Leg 

214 


32.6 

37.9 

8.7 

89.3 

23.7 

No weakness 


2 weeks Doca alone 

Leg 

19G 

5.4 

29.6 

82.8 

34.2 

51.6 

38.5 

Paralyzed 


2 weeks Doca alone 

Neck 

214 

2.9 

32.9 

52.4 

18.2 

72.9 

27.1 

Paralyzed 

G 

Untreated 

Leg 

223 

0.7 

33.3 

33.3 

1.8 

76.4 

25.4 



Untreated 

Back 

226 

1.0 

31.2 

34.4 

2.9 

74.8 

25.4 



1 month Doca and KCl 

Leg 

234 

1.5 

34.6 

27.8 

6.2 

83.4 

17.3 

No weakness 


1 month Doca and KCl 

Neck 

210 

1.8 

31.8 

43.1 

8.9 

79.4 

27.4 

No weakness 


2 months Doca and KCl 

Leg 

214 

2.5 

32.4 

49.7 

15.0 

70.6 

28.0 

No weakness 


2 weeks Doca alone 

Leg 

198 

1.1 

30.3 

79.8 

40.8 

45.4 

28.5 

Paralyzed 


2 weeks Doca alone 

Neck 

212 

1.2 

31.7 

62.1 

29.7 

59.9 

23.7 

Paralyzed 


• Desoxycorticosterone acetate, 
t Calculated per kilogram of fatrfree fresh muscle, 
i Postmortem specimen. 


paralyzed animals was essentially normal (fig. 2) there appeared no reason 
to suppose that the extreme changes in sodium and potassium concentra- 
tions were related to an alteration in either the volume or the composition 
of the extracellular fluid. Furthermore, calculation of the amount of 
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intracellular sodium present in paralyzed muscle'* indicated that in animals 
developing paralysis approximately 30 per cent of the potassium of the 
skeletal muscle had been replaced by sodium (fig. 3) . As shown in figure 3 
the replacement of potassium by sodium appeared to be on an approxi- 
mately 1 to 1 basis, an atom of sodium being gained by the muscle cell for 
each atom of potassium lost. 


meq. cjf Na 
and K 
per kilo 
fresh muscle 

90 

r K 


to 


Fig- \ 


30 


Fig- 2 

H 2 O as percent 
N 2 as grams and 
Cl as m.eg. per 
kilo fat-free muscle 

■f 

90 . 



Control Oocat 
KCl 

Doca>Oesoxycorticosterone acetate 


Fig- 3 

m eg- of 

intracellular ■■•Na 

NatK per kilo ES3-K 
fat -free muscle 



+ KCI 


Fig. 1. The effect of desoxycorticosterone acetate upon the concentration of so- 
•dium and potassium in dog muscle. 

Fig. 2. The effect of desoxycorticosterone acetate upon the water, nitrogen and 
chloride content of dog muscle. 

Fig. 3. The effect of desoxjmorticosterone acetate upon the concentration of 
intracellular sodium and potassium in dog muscle. 


Discussion. From the experiments which have been described it seems 
possible to draw certain conclusions concerning the effect of desoxycorticos- 
terone upon normal dogs. Administration of this hormone has been shonm 
to cause a rise in serum sodium concentration and a fall in serum potassium 
concentration which, when continued long enough results in a striking 


•• Calculation; 

Milliequivalents of sodium per kgm. fat-free muscle Nar 

Milliequivalents of chloride per kgm. fat-free muscle Clr 

Milliequivalents of sodium per 1. of serum Nag 

Milliequivalents of chloride per I. of serum Clg 


Assuming that all muscle chloride is extracellular and using 0.95 as a correction factor 
for the Donnan effect between serum and extracellular fluid, the intracellular sodium 
m.ay be calculated as; 

Nar - CIt = milliequivalents of intracellar sodium 

per kgm. of fat-free muscle. 


0.95 
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replacement of intracellular potassium by sodium. In accordance with 
previous experience, these electrolyte changes have been shown to be asso- 
ciated with the appearance of “diabetes insipidus” which later is com- 
plicated by attacks of profound muscular weakness. By administering 
potassium chloride to animals receiving hormone it has been found possible 
to differentiate, to a certain extent, the mechanism of the “diabetes 
insipidus” from the mechanism underlying the attacks of muscular weak- 
ness. It has been found, for example, that ingestion of potassium chloride 
in adequate quantity will prevent the disturbance of muscle electrolytes 
and the muscular weakness without affecting either the diabetes insipidus 
or the elevated serum sodium concentration. As a result of this observa- 
tion it seems permissible at the present time to associate the “diabetes 
insipidus” with the persistently elevated serum sodium concentration, 
and the muscular weakness entirely with the disturbance of intracellular 
electrolytes. Moreover, since the protective action of potassium chloride 
is independent of the serum sodium concentration, it seems preferable to 
speak of the effect of the hormone upon intracellular electrolytes as one 
in which potassium lost from the cells is replaced by sodium, rather than as 
one in which a high concentration of extracellular sodium in some way 
brings about a displacement of intracellular potassium. In other words 
in the present experiments it would appear that sodium goes into muscle 
cells only when potassimn comes out. This view is consistent mth the 
idea that desoxycorticosterone, by increasing the renal excretion of po- 
tassium, lowers the serum potassium concentration and shifts the equilib- 
rium between cellular and extracellular potassium in the direction of an 
increased loss of potassium from the cell. In further support of this in- 
terpretation are the observations of Heppel (8) . This worker showed that 
potassium deprivation during the growth of young rats resulted in partial 
replacement of intracellular muscle potassium by sodium. Thus it ap- 
pears that when, by one means or another, the available supply of potas- 
sium is reduced, sodium replaces potassium lost from the muscle cell. 

CONCLUSION 

1. Normal dogs receiving daily injections of 25 mgm. of desoxycortico- 
sterone acetate develop attacks of muscular weakness and a syndrome re- 
sembling diabetes insipidus. 

2. The attacks of paralysis are associated with a partial replacement of 
the intracellular potassium of the skeletal muscles by sodium. 

3. The paralysis and the disturbance of muscle electrolyte concentra- 
tions can be prevented by the administration of potassium chloride. 

4. In the reported experiments the “diabetes insipidus” is consistently 
associated with an elevation of serum sodium. 

5. Neither the diabetes insipidus nor the elevation of serum sodium is 
influenced by the administration of potassium chloride. 
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In an earlier publication (Stannard, 1939a) it was shown that the rest- 
ing oxygen consumption of frog muscle, while sensitive to cyanide, was not 
inhibited by sodium azide (NaNs) except at very high concentration& 
and/or after long periods of exposure. On the other hand any increments- 
m respiration above the resting level caused by electrical or chemical 
stimulation were specifically inhibited by azide. These data suggested 
that the resting and “activity” respirations of frog muscle were qualita- 
tively distinct and that the cytochrome-cjrtochrome oxidase system 
functioned only to carry the extra oxygen consumption associated with 
electrical or chemical stimulation. 

Whether or not the proposed qualitative separation of resting and 
“activity” respirations extends to other steps in the metabolic chain or 
involves only the cytochrome system seemed an important inherent ques- 
tion. With this problem in mind a study was made of the effects of several 
other types of inhibitors on the respiration of resting and caffeinized frog 
muscle. The results indicate that the two t 3 ’'pes of respiration probably 
are separable beyond the oxidase step. Thus none of the substances- 
tested affected the resting respiration in the manner expected of a specific- 
inhibitor while sodium arsenite and sodium fluoride effectively eliminated 
or prevented the extra oxygen consumption due to caffeine. Furthermore- 
additional substances which may attack cytochrome oxidase (h 3 >-droxyl- 
amine and the “copper-inhibitors,” diethyldithiocarbamate and potassium 
ethjd xanthate) brought about marked inhibition of the respiration of 
caffeinized muscle without decreasing appreciablj'^ the resting respiration. 
In fact the points of action of the inhibitors employed are suflBciently 
different to suggest, barring proof to the contrarj'-, that the two respiratoiy 
sj'stems maj’- be completely independent. 

It is felt that the data obtained combined with studies made in other 

' Abstract in Proceedings of the American Physiological Society, Chicago, Hl-r 
1941. 
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laboratories (see discussion) strengthen materially the evidence that cells 
in activity (i.e., performing their specific function) may utilize enzymes or 
enzyme systems present but not operative in the “resting” state. 

Methods. Oxygen consumption was measured in Warburg mano- 
meters (vessel size approximately 15 ml.) or Fenn differential manometers- 
when the rates of respiration to be measured were low or the amount of 
tissue small. Paired sartorius, semitendinosus, iliofibularis, tibialis 
anticus, and, in small frogs, peroneus muscles from two frogs were used in 
each experiment. Comparisons were made between paired muscles 
wherever possible. The dissection was made the evening before the 
experiment and the muscles kept in oxygenated Ringer-phosphate solution 
(pH 7.4) at 4 to 5°C. overnight. By this method of preparation muscles 
are secured whose resting respiration remains remarkably constant (at 
30 i: 5 mmVgm/hr.) from experiment to experiment as well as with time 
during a single experiment. All data on the resting respiration were taken 
under these conditions and do not refer to the respiration of recently dis- 
sected, albeit “unstimulated,” muscles which are usually burning in part 
metabolites produced during the dissection. 

The muscles were blotted quickly on filter paper, weighed on a torsion 
balance, and the rates of respiration calculated as mmVgram wet 
weight /hour. The thermostat temperature was approximately 23°C. 
regulated to 0.05°C. The gas space contained air (cf. Stannard, 1939a). 

Stimulation of the oxygen consumption was produced by 0.04 per cent 
caffeine in Ringer-phosphate solution since this treatment produces a high 
and constant rate of respiration which facilitates reasonably accurate 
calculations of the inhibitions produced. This method of “stimulation” 
may involve some error not appreciated at present but there is no evidence 
that increases in the oxygen consumption of frog muscle brought about by 
this means involve processes differing qualitatively from those produced by 
electrical stimulation. Reference is made to the publications cited for 
further details regarding experimental technique. 

Two general procedures were used: 1. Measurements were made for a 
control period of one hour, one member of each muscle pair being in Ringer- 
phosphate solution, the other member in caffeine-Ringer-phosphate. The 
inhibitor was then tipped after the initial control period. Frequently one 
group of muscles did not receive any inhibitor, these acting as continuous 
controls to check on the constancy of the rate with time. 2. The muscles 
were treated first with the inhibitor and after a suitable period caffeine was 
added in appropriate concentration to muscle groups containing one 
member of each pair of muscles. The remaining muscles continued in the 
presence of inhibitor alone. There was no essential difference in the results 
obtained by the two methods if interpreted on the basis of elapsed time in 
the presence of the inhibitor. The tabular data include both types of 
experiment. 
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Results. All of the data are presented as average per cent changes of 
either the resting respiration or of the extra oxygen consumption due to 
caffeine. The latter (rate in caffeine without inhibitor minus resting 
rate = caffeine increment) was not identical in each experiment while the 
resting rate, as stated above, varied only slightly. The average increment 
due to caffeine was 125 mni^/gm/hr. but varied from 56 to 200 mihVgm/hr. 
in different experiments. This fact subjects the per cent inhibition to some 
variation but expression of the results in terms of absolute rates leads to 
no essential difference in interpretation.^ 

It will be noted that in many instances inhibitions of more than one 
hundred per cent of the caffeine increment are recorded. This means, 
obviously, that there was some fall in rate below the original resting level. 
In general these do not indicate significant effects on the resting respiration. 

1. Sodium fluoride. The primary action of NaF on glycolysis and 
indirectly on respiration appears to be inhibition of the conversion of 
phosphoglyceric acid to pyruvic acid, probably by preventing dephosphory- 
lation (Lipmann, 1928; cf. Cori and Cori, 1941). It has no direct action 
on cytochrome oxidase (Keilin and Hartree, 1939). The concentrations 
of fluoride used in the present study were sufficient to prevent dephos- 
phorylation. Yet, as shown in table 1, the resting respiration was not 
significantly retarded except at the highest concentration in the third hour 
of exposure. In contrast, as shown in the table, the increment in O 2 uptake 
due to caffeine is quite sensitive to fluoride, 100 mM fluoride bringing 
about complete inhibition by the second hour. At a concentration of 
10 mM the difference in sensitivity is marked. Furthermore added caffeine 
was unable to bring about any increase in the rate of respiration after an 
hour in fluoride (100 mM) although no sign of inhibition of the resting 
respiration had appeared. 

The muscles lost their irritability with or without caffeine at 100 and 
170 mM/liter NaF; went into rigor at the end of three hours at the latter 
but not at the former concentration. At 10 mM/liter irritability was not 
lost in three hours regardless of the presence or absence of caffeine although 
the increment in respiration due to caffeine was reduced by 72 per cent. 
It is interesting to note that resting muscles can apparently lose their 
irritability and pass into rigor in the presence of fluoride without the usual 
increase in oxygen consumption associated with the non-irritable state 
(cf. Fenn, 1930). Apparently these increases in respiration, like those due 
to caffeine, are inhibited by fluoride. 

2. Sodium arsenite. As illustrated in table 1 the respiration of caffein- 
ized muscle is much more sensitive to arsenite than is that of resting muscle. 
Even at the high concentration of 20 mM/liter (one to three mM/liter is 

- Because of experimental variations changes of less than twenty per cent are 
not considered significant. 
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usually sufficient to bring about complete arrest of respiration (Banga,. 
Schneider, and Szent-Gydrgyi, 1931)) the resting respiration was reduced, 
by only 20 per cent in the time taken to produce 108 per cent inhibition of 
the caffeine excess. With lower concentrations the effect of caffeine- 
could be largely eliminated without appreciable effect on the resting res- 
piration (except for one experiment at 1 mM/liter NaF). However it- 

TABLE 1 


The action of sodium arsenite, sodium fluoride and sodium pyrophosphate 



NUMBER ^ 
OP EXPBRI- ! 
MENTS 1 



PER CENT CHANGE 



CONCEN- j 
TRATTON 1 

Beating respiration j 

1 Caffeine increment 

1 

1st hour 

2nd hour 

3rd hour 

1st hour 

2nd hour 

3rd hour 


Sodium fluoride 


mM/liter 

170 

1 

1 

38 

n 

-30 

-SO i 

-128 


100 j 

3 1 

66 1 


, 2(2)* 

-41 

-97 

-107(2)* 

10 1 

1 1 

50 

■H 


* 

-72 

1 -72 


Sodium arsenite 


20 

1 

-22 


BM 

-85 

-108 

-118 

10 

4 

-14 

-5 

mSBM 

-84 

-107 

-114 

3 

3 

-8(2) 

-3(2) 

KSI 

-46 

-84 

-106 

2 

3 

-14(2) 

-1(2) 


-22 

-81 

-105 

1 

3 

-4 

-21(1) 

mmm 

♦ 

-89 

-98 

0.1 

2 

8 


mi 

0(1) 

-40 

-48(1) 

Sodium pyrophosphate 

36 

1 




45 

18 


33 

1 

67 

41 





20 

1 

31 

30 


50 

-5 



* In certain experiments caffeine was tipped onto the muscles after one or two- 
hours in the presence of the inhibitor. Thus some experiments did not run for the- 
full three hours under the same conditions. Figures in parentheses indicate the- 
number of experiments contributing the data where column two does not applj'. 

will be noted that the resting respiration was more apt to be decreased, 
slightly by arsenite than by fluoride. 

At concentrations of 10 and 20 mM/Iiter the muscles were in rigor at the- 
end of the experiments either with or without caffeine. At 1, 2 and 3- 
mM/liter irritability was frequently lo.st in the presence of caffeine but- 
seldom lost with arsenite alone. At 0.1 mM/liter irritability was main- 
tained under both conditions. Apparently arsenite, like fluoride, prevents- 
the increase in oxygen consumption associated with the development of 
non-irritability and rigor. 
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The mode of action of arsenite is not as well understood as that of fluoride 
(cf. Elvehjem et al., 1939) and there has been relatively little recent work 
bearing on the problem. The consensus places the locus of action nearer 
the points of “substrate activation” than the oxidases and there is no 
evidence of direct action on the cj^ochrome-cytochrome oxidase system 
(Szen1>Gy6rgjd, 1930; Collett, Rheinberger, and Little, 1933; Schmitt and 
Skow, 1935). 

Banga et al. (1931) found arsenite-sensitive and arsenite-stable fractions 
in the respiration of pig heart muscle. A rather extensive analysis of the 
two fractions was made in Szent-Gyorgjd’s laboratory but, to date, no 
specific correlation of their data with those reported here has been possible. 

3. Sodium 'pyrophosphate. As illustrated in table 1 pyrophosphate, even 
at relatively high concentrations, did not inhibit the respiration of either 
resting or caffeinized frog muscle. The muscles remained irritable and 
showed no evidence of any change after two hours in pyrophosphate. 

Keilin (1929) found that pyrophosphate, while an effective inhibitor of 
certain iron catalyzed reactions, did not inhibit cytochrome oxidase. 
Dixon and Elliott (1929) reported 87 per cent inhibition of the respiration of 
rabbit skeletal muscle and 67 per cent inhibition of rat muscle respiration 
by M/30 pyrophosphate. The action of pyrophosphate on deh 3 ’’drogenases 
is still not completelj’- established (Stotz and Hastings, 1937). 

The reason for the discrepancy between my results mth frog muscle and 
those of Dixon and Elliott with mammalian muscle preparations is not 
clear. It should be noted that the frog muscles were practically intact 
and that Dixon and Elliott found that intact yeast was insensitive to 
pyrophosphate. In addition rat liver was much less sensitive than muscle 
even though both preparations presented cut-up tissues. These phenom- 
ena may represent real differences in enzj’^me systems or only differences 
in peimeability to the inhibitor. Further information would be desirable 
on this point but it was not considered expedient to digress from the use 
of intact tissues in the present study. 

4. Hydroxylamine. This inhibitor was found by Stannard (1940) to 
prevent effectivel}’" the oxidation of carbon monoxide by frog muscle with- 
out decreasing the resting respiration. In an earlier summary (Stannard, 
1939b) a few experiments were quoted which indicated that NHoOH might 
also prevent the extra respiration due to caffeine (though not as effectively 
as the oxidation of CO). In fact it was hoped that this inhibitor might 
present certain advantages over azide since it acts on cj^ochrome oxidase 
in vitro in the same manner (Keilm and Hartree, 1939), and does not cause 
the slight contracture of muscle brought about bj' azide. More complete 
data with this substance are presented in table 2. No really marked 
inhibition of the resting respiration wms noted except in the third hour of 
one experiment at 20 mM/liter. Fairty marked inhibitions of the caffeine 
excess were found with regularity. 
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The inhibition is rather slow in developing and incomplete when com- 
pared with the action of azide or cyanide. This may indicate slow pene- 
tration of the reagent or slow destruction of the active group of some 
enzyme. The concentrations necessary for appreciable action on caffein- 
ized muscle are considerabl}'’ higher than those required for inhibition of 
catalase activity even in vivo (Blaschko, 1935). Therefore hj’’drogen 
peroxide may have accumulated during these experiments. However, 
it is improbable that there was a general destruction of all cellular processes 
(as by H 2 O 2 ) since the resting respiration was unaffected and, except at the 
highest concentration, the muscles were fully irritable even after the 
development of marked inhibition of the caffeine increment. 

TABLE 2 


The effect of hydroxylamine on resting and caffeinized innscle 


CONCENTRATION 

NUAIBER OF EXPEKI- 

I PER CENT CHANGE 

MENTS 

1 

1 

' First hour 

1 Second hour 

1 Third hour 

i 


Resting respiration 


mM /liter 





20 

2 

9 

-18 

-44(1)* 

10 

i 1 

-33 

-26 


4.5 

4 

26 

8(3) 


2.0 

8 

4 

-2(5) 

2(4) 

0.4 

2 

3 

11(1) 


0.04 

2 

-6 

1 


Caffeine increment 

20 

2 

-59 

-88 ! 

-104(1) 

10 

2 

-76 

-85 


5 

1 

-58 

-68 


2 

3 

-39 ! 

-52 

-62 


* See footnote to table 1. 


5. “Copper inhibitors.” In view of the presence of definite copper 
compounds in the animal body (Mann and Keilin, 1938-39), and recent 
speculations on the possibility that cytochrome oxidase itself is a copper- 
protein compound (c/. Stern, 1940, p. 3) a study of the action of the so- 
called copper inhibitors on the two tjqjes of respiration found in frog muscle 
was of interest. Thiourea, sodium diethyl dithiocarbamate, and potas- 
sium ethyl xanthate were chosen, and since there was evidence of instability 
of these compounds in Ringer’s solution the reagents were prepared fresh 
just before each use rather than a few hours previous to the experiment as 
practiced with the reagents discussed above. 

The results are summarized in table 3. Thiourea had relatively little 
effect on either the resting respiration or the caffeine excess. However, at 
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sufficient concentration, diethyl dithiocarbamate and potassium ethyl 
xanthate, if given an hour or more to act, brought about marked deereases- 
in the rate of respiration of caffeinized muscle (but never to the level of 
resting muscle). One experiment with salicylaldoxime indicated similar 
results. As with the other inhibitors the resting respiration was not. 
decreased appreciably. In fact with potassium ethyl xanthate there was- 
marked stimulation of the resting respiration. 

TABLE 3 


The effect of “copper inhibitors” on the respiration of resting and caffeinized muscle- 


1 

NUMBER 
OF EXPERI- 
MENTS 



PER CENT CHANGE 



CONCEN- 1 
TRATION j 

1 Resting respiration 

Caffeine increment 



Ist hour 

2nd hour 

3rd hour 

1st hour 

2nd hour | 

3rd hour 


Thiourea 


mM/liler 

■■ 

i 

1 






220 





-1 

20 

13 

200 


5 

1 


-7 

16 

10 

4 


10 

6 


11(1)* 

‘ -15(1)* 

-18(1)*’ 

2 

H 

I 



-8 

5 

22 


Diethyl-dithio carbamate 


40 

20 

4 

2 

1 

2 

2 

2 

2 

t 

30 

11 

16 

-14 

3 

23 

4 

1 

t 

t 

6 

30 

1 

-86(1) 
-85(1) 
-59 1 

-17 

1 

-65(1) 

-60(1) 

Potassium ethyl xanthate 

mM 

2 



1 

1 

7 

-48 

1 


2 

435 

310 




-60t 


1 

114 

79 


-22 

-51 

-70 

■1 

■Bl 

330 

154 

i 

-15 

-41 

-72 


* See footnote to table 1. 

t Complicated by positive pressure. See text, 
t Caffeine tipped at third hour; muscles already in contracture. 


While the present experiments were in progress Graubard (1941) pub- 
lished data on the action of cyanide, diethyl dithiocarbamate, salicjdaldox- 
ime, thiourea, and similar substances on the oxidation of p-phenjdenedi- 
amine by copper and by a cytochrome oxidase preparation obtained from 
rabbit uterine tissue. In addition he determined the effect of these 
inhibitors on the respiration of rat and rabbit uteri. Graubard found that 
salicylaldoxime and diethyl dithiocarbamate were effective inhibitors of Os 
uptake in each case, while thiourea was relatively weak in its action. 
There appears to be general agreement between these data and those for 
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frog muscle presented in table 3 except that frog muscle presents a fraction 
of respiration insensitive to the copper inhibitors while Graubard’s curves 
show complete inhibition of the respiration of rat uteri, at least by salicylal- 
doxime . Graubard does not state whether or not the inhibitions progressed 
with time as is the case with frog muscle. The effective concentrations 
appear to be approximately the same in both studies. 

The data with diethyl dithiocarbamate were complicated at the higher 
concentrations, especially during the first hour, by the production of a 
positive pressure in the manometers (cf. also Graubard, 1941). If this 
occurred also at lower concentrations the inhibitions observed might be 
spurious in that they represented only the algebraic sum of normal oxygen 
consumption and the positive pressures produced. However control 
experiments with resting muscle did not indicate the presence of sufficient 
positive pressure to complicate the readings with caffeine below 20 
mM /liter or after the first hour. There was no indication that the presence 
of caffeine increased the positive pressure produced at a given concentration 
of inhibitor. In addition no such difficulty was encountered with potas- 
sium ethyl xanthate which probably inhibits respiration in the same 
manner. 

Diethyl dithiocarbamate and potassium ethyl xanthate usually produced 
non-irritable muscles in the time and at the concentrations required to 
inhibit appreciably the caffeine increment in respiration. Resting muscle 
lost its irritability only at the highest concentration of each substance 
while with caffeine, rigor occurred at this concentration. Thus the com- 
bination of inhibitor and caffeine produced rigor more readily than either 
alone. However, even with caffeine, inhibition of the oxygen consumption 
did not appear to be directly related to changes in irritability or con- 
tractility. 

6. Contracture. Potassium ethyl xanthate was found by means of 
kymographic experiments to produce a small but rapid contracture of the 
isolated sartorius muscle. None of the other substances used in these 
experiments produced appreciable changes in resting length (under 20 
grams, tension) until rigor supervened, although changes of 5 per cent or 
less were noted occasionally. The contracture produced by potassium 
ethyl xanthate probably accounts for the marked rise in Oz consumption 
seen when resting muscle was treated ivith this substance (cf. Fenn, 1931). 
The situation in this case is probably similar to that seen with azide (Stan- 
nard, 1939a). 

7. Reversibility . The inhibitions produced by hydroxylamine were 
reversible over a fairly wide range of concentrations and times of exposure. 
Those produced by fluoride and arsenite were not clearly reversible except 
after exposuies of less than one hour and/or at low concentrations (10 
mM/liter). No information was obtained concerning the reversibility of 
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the effects brought about by the “copper inhibitors.” It is clear that the 
main arguments of the present paper are not materially affected bj^ whether 
or not inhibition was produced by destruction of a certain enzyme or by 
formation of a reversible enzyme-inhibitor complex, since the fact remains, 
that the action involves only one fraction of the total respiration. 

Disctrssioisr and conclusions. Since members of the methylxanthine 
group have been shown to increase cellular permeability in certain 
instances (Frohlich, 1928) it might be thought that the data presented 
here indicate simply that caffeine increased the permeability of the 
muscle cells to the inhibitors. Therefore it is emphasized again, as in 
the case of azide (Stannard, 1939a), that the maximum effect brought 
about by the action of these inhibitors on caffeinized muscle brings the 
rate of respiration to approximately that of the original resting state 
(except when drastic procedures are used). In addition penetration of 
the reagents even into resting muscles is established by the frequent 
changes in irritability occurring despite constancy of the resting respira- 
tion and by the experiments in which the addition of inhibitors to resting 
muscle prevented any subsequent increases in respiration on the addition 
of caffeine. 

The action of the “copper inhibitors” is of considerable interest. The 
presence of copper as the active metal in several plant oxidases is now well 
estabhshed. Except for Graubard’s study (op. cit.) on uterine tissue and 
the cytochrome oxidase prepared therefrom scanty evidence is available 
indicating the presence of copper in oxidases from animal sources. The 
fact that certain of the compoimds employed inhibit a major fraction of 
frog muscle respiration cannot be taken as proof that the reaction involves 
a copper-containing enzyme for, while it is time that these reagents combine 
rapidly and with minute quantities of copper, they also react with other 
metals imder appropriate conditions. In comparison with the rapid and 
complete inhibitions obtained with plant oxidases the action of diethyl 
dithiocarbamate and of potassium eth 3 d xanthate on the respiration of frog 
muscle seems slow and relatively weak. However, a more complete study 
of these reactions in frog muscle is contemplated since the evidence for the 
participation of copper, while circumstantial, seems worth 3 ’’ of further 
consideration. It should be noted that the fraction of respiration affected 
is that fraction which utilizes the cytochrome-cytochrome oxidase system. 

The data presented above combined with the results of previous investi- 
gations indicate that the activit 3 '- respiration (caffeine increment) of frog 
muscle is sensitive to azide, cyanide, and hydroxylamine, all of which 
prevent the normal activity of cytochrome oxidase (Keilin and Hartree, 
1939). Certain of the “copper inhibitors” likewise prevent or retard the 
activit 3 ’^ respiration. In addition sodium fluoride and sodium arsenite. 
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whose locus of action is probably on certain dehydrogenases, inhibit or- 
prevent the increases in respiration associated with stimulation by caffeine. 
In contrast none of the inhibitors tested, except cyanide, exert any specific- 
effect on the resting respiration. Recently Stem and Fisher (1941) have 
found that ethyl urethane, phenobarbital, and chlorobutanol, all acting, 
on dehydrogenases presumably, bring about strong inhibition of the activity 
oxygen consumption of frog muscle ivith relatively little effect on the.resting. 
respiration. Thus it appears that the resting respiration does not utilize 
the cytochrome-cytochrome oxidase system nor the generally known- 
dehydrogenase systems inhibited by fluoride, arsenite, ethyl urethane, etc.,, 
these systems functioning only in activity. 

Other recent instances of qualitative differences between the metabolism 
of tissues at rest and in actmty are presented by Korr (1941), and Fisher 
(1941) has suggested a mechanism of narcosis based on the greater sensi- 
tmty of the processes responsible for specific cellular functions (growth, 
light production, contraction, etc.) to the action of the drug employed. If 
the present trend continues a closer correlation of function with metabolism 
may be possible. 

SUMMARY 

1. The respiration of resting frog muscle was not inhibited specifically 
by fluoride, arsenite, hydroxylamine, pyrophosphate, thiourea, diethyl 
dithiocarbamate, or potassium ethyl xanthate. 

2. Increases in oxygen consumption brought about by the presence of 
0.04 per cent caffeine (activity respiration) were inhibited or prevented by 
suitable concentrations of fluoride, arsenite, hydroxylamine, diethyl 
dithiocarbamate, and potassium ethyl xanthate. The rate of respiration 
after the maximum effect of the inhibitors was exerted approximated that 
of resting muscle. 

3. The cases where neither the resting respiration nor the increment in 
respiration due to caffeine were inhibited may represent true lack of sensi- 
tivity of the enzyme systems or impermeability of the muscles to these 
reagents. 

4. It is proposed that the activity respnation of frog muscle differs from 
the resting respiration not only in utilizing the cytochrome-cytochrome 
oxidase system, but in utilizing different dehydrogenases as well. Actually 
the two systems may be completely independent. 

5. Sensitivity of the activity respiration to compounds thought to 
inhibit copper catalyses (diethyl dithiocarbamate and potassium ethyl 
xanthate) may indicate the presence of a copper-containing enzyme in 
frog muscle, but further experiments are required to establish this point. 

6. Resting muscle could frequently lose its irritability or even go into 
rigor in the presence of the inhibitors without any change in the rate of 
respiration. 
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That the nucleated red blood cells in rabbit bone marrow are charac- 
terized metabolically by relatively active respiratory, rather than glycoly- 
tic, processes has been sho-vvn by experiments recently reported in this 
Journal (1). Since it is well knowm that exposure of animals or man to 
lowered oxygen tension stimulates the bone marrow to increased hema- 
topoietic activity, the question at once arises whether this characteristic 
oxidative type of metabolism of the erythroid cells in the bone marrow is 
altered under these conditions. It has been shown by Argyll Campbell 
(2) that when rabbits are exposed to lowered atmospheric pressure, not 
only is the oxygen tension in the tissues reduced below the normal level, 
but it remains reduced despite the ensuing polycythemia. One might 
reasonably inquire whether, under these circumstances, the erythroid cells 
develop more active glycolytic mechanisms which might enable them to 
grow and multiply more readilj'- in the environment of lowered oxygen ten- 
sion. The present paper describes experiments by which this problem has 
been investigated. A series of rabbits were exposed to lowered oxygen 
tension for various periods of time and changes in the rates of respiration 
and glycolysis of the bone marrow followed in the Warburg apparatus. 
An attempt has also been made to determine whether these metabolic 
changes are controlled by humoral or neural mechanisms. 

I. Methods. Male New Zealand AVhite rabbits weighing about 2 
kilos were placed in a tank- through which air was drawn under a pressure 
of 410 mm. Hg, corresponding to atmospheric pressure at an altitude of 
about 16,000 feet. They were removed from the tank for several hours a 
day to be fed and watered. After several days, reticulocytes appeared in 
the circulating blood in increasing numbers, followed rapidly by increases 
in the red blood cell and hemoglobin levels. Figure 1, which is self-explan- 

^ This work was done during the tenure of a Lewis Cass Ledyard Jr. Fellowship 
New York Hospital, 1940-41. * 

^ ^ Kindly loaned by the Department of Biology, Washington Square College, New 
Tork University. ’ 
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atory, shows these changes in two illustrative cases. Leucocyte counts are 
not shown because they were not affected by the exposure to lowered at- 
mospheric pressure except in 4 animals which, after exposures of about a 
week, developed an enteritis manifested by diarrhea. In these, a leucocy- 
tosis occurred along with the polycythemia; they will be discussed sepa- 
ratety below. The graphs are terminated bj'’ the animals being sacrificed 
for the metabolic and morphologic studies of the bone marrow. 

For the metabolic studies, slices of the femoral bone marrow of uniform 
thickness (0.5 mm.) were placed in Warburg vessels containing 2 ml. of 
autogenous serum. The methods used in preparing these slices and in 
measuring the rates of respiration and anaerobic gl.ycotysis in serum, and 
“apparent aerobic glycotysis” in Ringer-bicarbonate-glucose medium have 
already been described (3, 4). Differential cell counts were made on smears 
of each marrow stained with Wright-Giemsa. 



Fig. 1. Blood counts of two of the animals exposed to lowered atmospheric pres- 
sure. Arrow indicates beginning of the exposure. 

II. Results. The results of 25 experiments are summarized in table 
1, in which the marrows are arranged in the order of increasing erythroid 
hyperplasia. It will be seen that this order is not the same as that of 
increasing periods of exposure to lowered oxygen tension, owing probably 
to the variability of the differential counts at the start of the exposures as 
well as to differences in the response of the individual animals. Also, in 
the marrows of the 4 animals which developed a diarrhea and leucocytosis, 
hyperplasia of both the m 3 '-eloid and er^dhroid elements was found, so that 
thej’’ appear earlier in the series than they would had this complication not 
arisen. 

In the last column, the ratios of anaerobic gljmoL'^sis/respiration (Qg‘/ 
Qo.) are given. It has been noted in an earlier study (1) that these ratios 
constitute a more dependable index of the metabolic activity of the marrow 
than either the Qg' or the Qq. alone. It is seen from table 1 that, in gen- 
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eval, these ratios decrease as the proportion of erythroid cells increases, a 
relationship shown more clearly when the data are plotted in graphic form 
in figure 2. The crosses in this figure indicate normal control animals and 
the circles, the 25 marrows listed in table 1, the solid circles representing 
the animals which developed the enteritis. The dotted line, which appears 
to be drawn with reference to these points is, in fact, obtained from data 
given in the previous publication (1 ) in which the erythroid hyperplasia was 
induced by bleeding and by injections of phenylhydrazine. Since the 
present data fit this curve within the limits of experimental error, it is clear 
that the respiration and glycolysis of the marrow are determined by the t 3 ’^pes 
of cells present rather than by the means used to induce the erythroid 

TABLE 1 


Cell counts and glycolysis: respiration ratio in marrows from animals exposed to 

lowered atmospheric pressure 


EXPERX- 

MEKT 

NO. 

DATS IN 
TANK 

PER CENT 
ERYTHROID 
CELLS 

RATIO 

QoVQo. 

EXPERI- 

MENT 

DAYS IN 
TANK 

PER CENT 
ERYTHROID 
CELLS 

RATIO 

25 

1 

51 

2.32 

19 

2 

71 

1.38 

8* 

9 

57 

1.81 

23 

8 

71 

1.49 

9* 

7 

60 

2.02 

20 

2 

73 

1.56 

13 

2 

62 

1.73 

5 

6 

74 

1.52 

26 

1 

63 

1.65 

22 

3 

74 

1.48 

18 

2 

65 

1.58 

11 

2 

75 

1.48 

12 

1 

66 

1.83 

3 

4 

79 

1.28 

21 

2 

66 

1.65 

14 

3 

79 

1.36 

17 

3 

67 

1.56 

4 

4 

81 

1.33 

7* 

7 

69 

1.31 

6 

4 

81 

1.19 

16 

2 

70 

1.60 

1 

7 

85 

1.22 


5 

71 

1.73 

24 

4 

88 

1.24 

15 

1 

71 

1.31 






* Animal had diarrhea. 


hyperplasia. It is true, of course, that all three procedures, — ^bleeding, 
injections of phenylhydrazine and exposure to lowered atmospheric pres- 
sure — ^liave the common result of lowering the oxygen tension in the mar- 
row. But, as has already been mentioned, exposure to lowered atmospheric 
pressure causes a more profound and lasting reduction in oxygen tension 
in the tissues than either bleeding or hemolytic agents. The above ex- 
periments show, however, that the characteristic oxidative type of metabo- 
lism of the erythroid cells (indicated by low values of the glycolysis/ 
respiration ratio) persists despite prolonged exposure to an environment of 
lowered oxygen tension. 

It is obviouslj^ important to inquire whether the low gtycolysis/respira- 
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tion ratio characteristic of these erythroid marrows is due principally to 
an increase in the rate of respiration or to a decrease in the rate of glycolj’-- 
sis. The data relative to this point are shown in graphic form in figure 
3 A and B, in which the Q 02 and the QgS respectivelj’-, are plotted against 
the per cent of erythroid cells. The crosses in these figures represent 
corresponding data for normal marrows taken from the previous publica- 
tion. The Q- values are based on fat-free dry weights calculated, as 
previously explained (4), from nitrogen determinations. It is seen that 
the greater part of the decrease in the glycolysis/respiration ratio is due to 



Fig. 2. Crosses indicate normal control animals, circles the 25 marrows listed m 
table 1. Solid circles indicate the animals which developed enteritis. The dotted 
line is drawn with reference to similar points in a previous publication (1), in which 
the erythroid hyperplasia was induced by other means. 

a decrease in anaerobic glycolysis®, rather than to an increase in the rate 
of respiration. In fact, omng to the spread in the data, it is' not clear 
whether there is any significant increase in the Qoj of the marrows of the 
animals exposed to lowered atmospheric pressure. The mean Q 02 of 20 
of these hyperplastic marrows is 7.12 with a P.E. of ± 0.12; that of 17 
normal marrows is 6.47 ± 0.15. The average increase in Q 02 of 0.65 (a 10 
per cent increase over the normal) is 3.4 times the P.E. of the difference in 
the means and hence has statistical significance, but the physiological 

’ Aerobic glycolysis is also reduced in these erythroid marrows. The Qq* averaged 
1.1 as compared with 2.7 for normal marrows. 
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significance of this finding is less easily stated. Possible interpretations 
are 1, that the erythroid cells have slightlj’^ higher rates of respiration than 
myeloid cells; 2, that hyperplastic marrows are “stimulated” marrows and 
hence have liigher rates of respiration than “resting” marrows; 3, that the 
change is due to an increased proportion of immature cells, or 4, to a de- 
creased proportion of metabolically inactive but nitrogen-containing con- 
nective tissue in these hyperplastic marrows; 5, that the nitrogen content 
does not represent the same fraction of the fat-free dry weight in hyper- 
plastic as in normal marrows, or finally 6, a combination of these possi- 
bilities. Because hyperplastic myeloid marrows show the same changes 



A B 


Fig. 3-A. Relationship between rate of respiration and extent of erythroid hy- 
perplasia. 

Fig. 3-B. Relationship between rate of anaerobic glycolysis and extent of 
erythroid hyperplasia. 

Crosses represent corresponding data for normal control animals, taken from a 
previous publication (1); circles the marrows listed in table 1. 

in Qg= and Qqj but in the opposite sense (1) and because there is no corre- 
lation between or Qoj and counts of immature cells, the interpretation 
of a similar finding in the earlier paper was that erythroid cells have slightlj'- 
higher rates of respiration and lower rates of anaerobic glycolysis than 
myeloid cells. This conclusion is still valid and, indeed, is confirmed by 
the present studies, but the other factors must be kept in mind as perhaps 
playing an accessory role until they are excluded by experimental evidence. 

III. Combined effects of exposure in vivo and in vitro to lowered oxygen 
tension. In the above paragraphs it has been shown that the respiration 
m pure oxygen, and the glycolysis, both in oxygen and in nitrogen, of the 
bone marrow of rabbits exposed to lowered oxygen tension is the same as 
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that of marrows in which a similar degree of erythroid hyperplasia has been 
induced by other means. The possibility still remains that at intermediate 
(lowered) oxygen tensions, differences in the metabolic behavior between 
the two groups of marrows might be observed. 

When either normal marrows, or marrows in which an eiythroid hyper- 
plasia has been induced by bleeding or bj’’ injections of phen 3 dhydrazine, 
are subjected in the Warburg apparatus to a series of lowered oxygen ten- 
sions, the rate of respiration is decreased and that of glycolysis is increased 
in reciprocal fashion. A detailed report of the experiments upon which 
this statement is based, and a discussion of its significance, mil be given in 
a separate publication on the Pasteur effect in bone marrow, now in 
preparation. At this time, however, it seems desirable to mention the 
results obtained in four similar experiments, in which marrows from animals 
which had been in the low-pressure tank and which contained from 60 to 75 
per cent erjdhroid cells were exposed in the Warburg apparatus to oxygen 
tensions ranging from 5 to 40 per cent oxygen. All showed the same 
reciprocal relationship between respiration and glj'colj'^sis, so that no dif- 
ference in response to exposure in vitro to lowered oxj^gen tension could be 
demonstrated following previous exposure in vivo to lowered atmospheric 
pressure. 

IV. Serum factors. Gordon and Dubin (5) have called attention to reports 
in the literature of the alleged presence of a hematopoietic stimulant in the 
serum of rabbits either rendered anemic or subjected to low pressures. 
Their own experiments failed to confirm the existence of such a substance, 
but the possibility still remained that normal bone marrow metabolism 
might be affected bj^ the serum of animals being subjected to the hema- 
topoietic stimulus of lowered atmospheric pressure. Also, the rate of 
respiration and glycolj''sis of the bone marrow of the “low pressure” animals 
might itself be dependent upon the presence of substances contained in the 
serum. These possibilities were investigated by the experiments sum- 
marized in table 2. As control experiments, the effect of normal homolo- 
gous serum on the respiration and anaerobic gl^^’cclj^sis of two normal 
marrows was first studied (group I). The second of these marrows for- 
tuitously had an unusualty high percentage (65 per cent) of erythroid cells 
and consequent!}’- a low Qg'/Qoz ratio (1.60). In both instances, the 
Q-values measured vith the niarrow^ slices suspended in homologous serum 
were about 12 per cent lower than in autogenous serum. Respiration and 
glj’^colj'sis were similar^ affected, so that the Qg VQ 02 I’^^tios were essen- 
tiallj' the same in the two media. 

In group II similar measurements were made on three normal niarrows, 
comp.aring their respiration and glj’^colj'^sis in autogenous serum with that in 
serum freshty removed from animals in the low-pressure tank. Here again 
the characteristic glj’^col.vsis/respiration ratios were found not to be affected 
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by the “low-pressure” serum and the Q-values were slightlj’- depressed. 
Hence Gordon and Dubin’s negative findings are extended b}" the failure to 
obtain evidence for a stimulating effect of “low-pressure” serum on the 
metabolism of normal bone marrow. 

In group III, the reciprocal experiments were performed in which the 
effect of the normal serum on the “low-pressure” marrows was observed. 
The effects are within the limits of experimental error and it is clear that the 
low glycolysis/respiration ratios characteristic of erjffhroid marrows are 
not dependent, at least over a period of several hours, on a substance or 
substances which maj’’ be present in the serum. Bone marrow function 

TABLE 2 


Marrow respiration and glycolysis in sernm from other rabbits 


GBOUP 

MARHOW 

1 

PER CENT 
ERYTHROID 
CELLS 

FOREIGN 

serum 

CHANGE FROil 

1 METABOLISM IN 

1 OWN SERUM 

1 RATIO QqVQo, 



In own 
serum 

In foreign 
serum 



! 


per cent 

per cen( 



I. Normal marrows 

1 

50 

Normal 

-14 

-7 

2.18 

2.35 

in sera of other 

2 

65 1 


-12 

-11 

1.60 

1.61 

normal rabbits 



Normal j 





II. Normal marrow 

3 1 

49 

LP-18 ' 

-10 

-14 

2.33 

2.24 

in sera of “low 

4 ' 

52 ' 

LP-19 ' 

-3 ' 

-5 

2.04 

2.00 

pressure” rab- 

5 

46 

LP-20 

-1 

_4 

2.32 

2.43 

bits 









2.23 

2.22 




III. “Low pressure” 

LP-18 

65 

3 

+4 j 

+6 

1.58 

1.60 

marrow in serum 

LP-19 ! 

71 

4 

+1 1 

+7 

1.38 

1.45 

of normal rab- 

LP-20 

73 

5 ‘ 

-9 1 

-6 

1.56 

1.61 

bits 





j 



Average 

1.51 

1.55 




maj" be under the influence of humoral agents (6, 7, 8), but the experiments 
just described lend no support to the view that the stimulating effect of 
lowered oxygen tensions is mediated through such a mechanism. 

V. Possible role of the peripheral nervous system in mediating the effects of 
lowered oxygen tension. These experiments were designed to test the 
possibility that lowered oxygen tension acts bj”^ stimulating chemoreceptors 
in the nervous system and that impulses might then be relaj^ed via the 
peripheral nervous system to the bone marrow, there evoking increased 
hematopoietic activity. The well-known sensitivity of the nervous svstem 
to oxygen lack, and the demonstration by Latner (9) that removal of the 
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carotid sinuses and denervation of the aortic arch in rabbits induced an 
anemia which could not be accounted for by loss of blood at operation lent 
some support to the first part of this concept. Also, innervation of the 
blood vessels in the bone marrow has been described (10), and it is even 
possible (11, 12) that the marrow cells themselves maj’’ be innervated. 
Rohr (13) has cited other evidence in favor of a neural mechanism con- 
trolling bone marrow function. 

The possibility that the effects of lowered oxygen tension might be 
mediated via the peripheral nervous sj'^stem was investigated by sectioning 
the femoral and sciatic nerves in the right thigh of a group of rabbits, thus 
denervating that limb below the knee. About a week after operation, 
when physical examination and temperature measurements using the 
opposite leg as control indicated that the denervation was complete, three 
of the animals were placed in the low-pressure tank, another serving as 
control. After a further interval of 4 to 7 days, the animals were sacrificed 


TABLE 3 

Effect of denervation on marrow response to low pressure 




1 

1 PER CENT RETICDLOCTTES 

PER CENT ERYTHROID CELEB IN MARROW 

bxpebiment 

TIUMBBR 

DATS IN 
TANK 

At beginning' 

1 At end ' 

Right (denervated) | 

1 Left 

j 






H-6* 

0 

6.4 


51 

12 

51 


H-5 

4 

4.2 


75 

22 

74 


H-2 

6 

3.8 

Bin 

83 

19 

84 


H-4 

1 

7 

1 

3.9 

■a 

77 

22 

75 



* Control. 


and differential cell counts made on smears of the tibial marrow of the right 
and left (control) limb of each animal. The results are indicated in table 3. 

It is seen that both in the control animal, which did not develop an 
eiythroid hyperplasia, and in those which were subjected to lowered at- 
mospheric pressure and consequently did, the counts in the two limbs were 
the same rvithin the limits of experimental error. The criterion of “matur- 
it 5 ’^” of the nucleated erythroid cells in the marrow was the same as that 
used in the previous publication, — any cell which contained hemoglobin 
was counted as “mature”. Non-nucleated erythrocytes were not counted. 
It is clear that the response of the bone marrow to lowered atmospheric 
pressure is not dependent upon an intact peripheral (including autonomic) 
innervation. 

VI. Discussion. The eiythroid hyperplasia resulting from the ex- 
posure of rabbits to lowered oxygen tension has been shown to be accom- 
panied by a small but significant increase in the rate of respiration and a 
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much larger fall in the rate of anaerobic' and aerobic glycolj'^sis when the 
Q-values are based on nitrogen determinations. In rats, Schultze (14) 
has made the important observation that the cytochrome oxidase activity 
of the bone marrow of normal adult animals is increased to the level of that 
found in immature animals by 48 hours’ exposui'e to lowered oxygen ten- 
sion. This increased activity, however, is based on total dry weight rather 
than on nitrogen determinations, and since histological examinations were 
not made, it is not clear whether the increased enzymatic activity is due to 
replacement of fat by erythroid tissue, to a higher enzyme content of the 
erythroid as compared to the myeloid cells, to an increased content of the 
erythroid cells per se or, as seems most likely, to a combination of these 
factors. Formulation of the relationship between such enzyme studies and 
our own kinetic studies would be of considerable interest, but must await 
the results of experiments in which both types of measurement are made 
on the same tissue under the same experimental conditions. Such studies 
are now in progress. 

The finding in section V, that precisely the same degree of erythroid 
hyperplasia occurs in denervated as in normal marrows when the animals 
are exposed to lowered atmospheric pressure, is strong evidence that the 
hematopoietic activity of the bone marrow is not directly dependent upon 
impulses carried by the peripheral (including the autonomic) nervous 
system. This does not preclude the possibility, suggested particularly bj' 
the experiments of Davis (15), that vasomotor control of the marrow 
vessels may exert some subsidiary effect on hematopoietic function, but, 
on the other hand, the present experiments lend no support to such a con- 
cept. Also, the possibility still remains that existence of lowered oxygen 
tension is first detected by chemoreceptors in the nervous system and that 
the effects are subsequently relayed to the bone marrow by humoral 
mechanisms not detected in the acute in vitro experiments described in 
section IV. 


SUMMARY AND CONCLUSIONS 

1. When rabbits are exposed to atmospheric pressure sufficiently low to 
produce pronounced polycythemia in the circulating blood and erj'throid 
hyperplasia in the bone marrow, the- rate of respiration of the marrow is 
increased about 10 per cent and that of anaerobic glycolysis is reduced 
about 30 per cent. These are average rather than maximal figures. 
Aerobic glycolysis (in pure oxygen) is also markedlj)- reduced. 

2. These changes correspond exactly to those found when a similar de- 
gree of erythroid hyperplasia is induced by hemorrhage or b5’- injections 
of phenylhydrazine. Bone marrow respiration and glycolysis therefore 
appear to be determined by the histological composition of the marrow 
rather than by the means used to induce these morphological changes 
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3. There is no evidence that the glycolytic components of the respiratory 
systems in the erythroid marrow cells are increased when the cells are 
formed under the influence of lowered oxygen tension, although the rate of 
glj'-colysis may be higher than normal under the conditions of lowered 
oxygen tension (Pasteur effect). 

4. Exposure of rabbits to lowered atmospheric pressure does not alter 
the response of the bone marrow to exposure in vitro to lowered ox 3 'gen 
tension. 

5. Serum taken from animals subjected to lowered atmospheric pressure 
does not stimulate either the respiration or glycolysis of normal marrows. 

6. The relatively low glj'colj^sis/respiration ratios characteristic of 
eiythroid marrows are not dependent, at least over a period of several 
hours, on substances which maj'^ be present in the serum. 

7. Exposure to lowered atmospheric pressure induces the same degree of 
erythroid hypei'plasia in the marrow of denervated and control limbs. 
The marrow response is consequently not dependent upon an intact 
innervation. 

Acknowledgment. The author gratefully acknowledges his indebtedness 
to Prof. Joseph C. Hinsey for performing the denervation operations dej 
scribed in section V, and to Miss Jane Dunn for technical assistance. 
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A number of authors have recently either stated or implied that adequate ab- 
sorption of iron from the intestine depends upon the presence of bile (2, 3, 4, 6). 
We have examined the literature carefully and have been unable to find any 
positive, direct evidence for this view, although there are numerous observations 
which may be considered to support it indirectly. 

Several groups of investigators have reported that anemia follows the ex- 
clusion of bile from the intestine (6, 7, 8, 9, 10), and our o\vn experience with a 
group of bile-fistula dogs confirms this finding. Our animals have been main- 
tained on an adequate diet, without administration of bile, and have remained 
anemic throughout the period of observation (more than one year in several 
cases). It did not seem to us that these observations or certain others fre- 
quentlj'^ cited (11, 12, 13) constitute proof that the anemia of the bile-fistula 
animal results from iron deprivation, nor that it is necessarily a simple second- 
ary anemia, as has been stated (7, 11). Consequently we have investigated the 
ability of the bile-fistula dog to absorb iron, by a study of plasma iron levels 
following the oral administration of iron salts. Our results indicate that the 
absence of bile does not interfere significantly with iron absorption except under 
special circumstances. 

Methods. “Internal” bile-fistulae w'ere prepared by anastomosis of the gall 
bladder to the renal pelvis, according to the method of Kapsinow', Engle and 
Harr^ey (14). Control animals were taken at random from the mcoming sup- 
ply. All were maintained on the ration currently in use, consisting of a com- 
mercial canned dog food plus “Purina Checkers.” Except for occasional days 
on w'hich they were used for fat absorption studies, the bile-fistula animals have 
been given no bile or bile salts. Several of the animals selected as controls 
proved to be slightly anemic according to our standards (normal, at least 16 
grams of hemoglobin per 100 cc. of blood). All control animals are therefore 
designated in the tables as “unoperated,” rather than “normal.” Since iron 

’ A preliminary report of this study has appeared elsewhere (1). 
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absorption is increased in iron deficiency anemia (15, 16, 17, 18), we felt that 
the use of spontaneously anemic dogs as controls decreased the possibility of an 
artificially favorable comparison. 

The animals were deprived of one feeding prior to the beginning of an experi- 
ment, A basal blood sample was drawn, and the iron salt, in water solution, 
was given by stomach tube. Ferrous sulfate was used in some of the experi- 
ments, but ferrous gluconate^ was used in the majority, because of evidence of 
excellent absorbability, and the almost complete absence of gastrointestinal 
irritation (19). The animals were carefully watched for signs of vomiting or 
diarrhea. In only one instance, after ferrous sulfate, did vomiting occur, and 
this experiment was discarded. In a majority of the experiments, as will be 
noted in the tables, 10 cc. blood samples were dravm at 2 hour intervals, the 
last one at 6 hours. It has been demonstrated that the peak value of plasma 
iron following a single dose usually occurs in from 2 to 5 hours (15, 16, 17, 18). 
All samples were taken from the jugular vein and discharged into 15 cc. centri- 
fuge tubes containing a dry mixture of ammonium and potassium oxalates. 

Bile-fistula animal number 3, which has remained in consistently good condi- 
tion with a hemoglobin level of about 13 grams, was recently sacrificed in the 
course of another experiment. At autopsy, a dye injection of the biliary tract 
showed that no bile could have been reaching the intestine. As will be noted in 
the tables, this animal was one of our best “iron-absorbers.” 

In all the experiments the hematocrit percentage of the successive samples was 
recorded, and in many experiments the plasma protein concentration (falling- 
drop method) was also determined in order to establish that the observed changes 
in plasma iron could not have resulted from concentration or dilution of the 
blood. 

The difficulties of accurate determination of the inorganic iron of the plasma, 
and the methods available, have been fully reviewed by Moore (20). We have 
applied the color reaction first described by Lyons (21) to trichloracetic acid 
filtrates of plasma according to the procedure given below. 

Four cubic centimeter samples of plasma were pipetted into 15 cc. centrifuge tubes, 

1 cc. of 0.5N HCl was added to each, and the tubes allowed to stand for 24 hours at room 
temperature, which is essentially the procedure recommended by Barkan (22), except for 
our omission of incubation at 37°C. Tompsett (23) has indicated that this procedure con- 
verts the ferric iron of the plasma to the ferrous form, releasing it from comple-xes with 
phospho-proteins, etc., and rendering it diffusible. Recovery of inorganic iron in trichlor- 
acetic acid filtrates is increased by from 7 to 10 per cent as a result. Five cubic centimeters 
of a 10 per cent solution of trichloracetic acid (reagent grade, redistilled) were added to the 
acidified plasma. Duplicate 3 cc. portions of the filtrate, in glass-stoppered, graduated, 
test tubes, were made alkaline to litmus with concentrated, iron-free NH 4 OH (about 5 
drops) and two drops were added in excess. Two-tenths cubic centimeter of diluted 
thioglycolic acid (4 cc. thioglj’'colic acid and 8 cc. concentrated NHiOH in 50 cc. H:0) was 
added to each tube and the volume made up to 5 cc. with distilled water. Color intensity 
was read by means of a photo-electric colorimeter’ for which a standard curve had been 

’ The ferrous gluconate used in these experiments was supplied by courtesy of Frederick 
Stearns and Company, Detroit, Michigan. 

’ The Cenco Photelometer. 
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prepared, using the green filter. All solutions, including the anticoagulant, have been 
made up with water redistilled from an all-glass system, and blank determinations including 
all the reagents have consistently been negative. Multiple tests on the same plasma, and 
tests for the recovery of added iron indicate that the random, over-all analytical error is 
less than 10 per cent in the range of concentrations encountered in plasma. The use of 
trichloracetic acid filtrates has been criticized (20) because a portion of the inorganic iron 
may be carried down with the precipitate. We believe this error can be disregarded in a 
comparative study, since it is small, and appears to be constant for a particular plasma. 


TABLE 1 


Plasma iron following a single dose of ferrous sulfate 
0.88 gram FeS04-7H20 (177 mgm. ferrous iron) in 100 cc. HjO, by stomach tube; animals 

in post-absorptive state 


EXPERIMENT 

1 

ANIMAL 

1 

PLASMA IRON, MICROQRAM8 PER CENT 1 

ABSORPTION 

Initial 



4 hours 

5 hours 1 

6 hours 

Bile-fistula 









2/13/40 


200 

467 

317 




Good 

2/20/40 


167 

200 

183 


200 


Poor 

2/28/40 


225 

267 

242 


200 


Poor 

2/ 3/41 

9 

183 

333 


283 


266 

Good 

2/ 3/41 

15 

133 

234 


333 


266 

Good 

2/ 3/41 

28 

167 

200 


217 


208 

Poor 

Unoperated 









2/13/40 

2 

359 

317 

283 




None 

2/20/40 

1 

258 

442 

417 


378 


Good 

2/28/40 

2 

350 

375 

358 


368 


None 

2/ 3/41 

14 

167 

358 


358 


316 

Good 

2/ 3/41 

15 

200 

358 


392 


375 

Good 


Control experiments — no iron fed 


Bile-fistula 



9/19/40 

9 

225 

9/19/40 

3 

258 

Unoperated 



9/24/40 

11 

333 

9/24/40 

12 

233 

10/ 7/40 

11 

216 

10/ 7/40 

13 

167 

10/14/40 

14 

220 

1/ 4/41 

15 

200 


200 


192 


167 

267 


200 


183 



350 


317 



217 


217 

204 


204 


204 

167 


167 


167 

201 


201 


200 

167 


167 


192 


jNIoreover, the method has one outstanding advantage in that hemolysis, for which allow- 
ance must be made if the plasma is used directly for the determination of inorganic iron 
can be disregarded since the fernhemic acid formed during the HCl treatment is insoluble 
at pH 6 or below, and is earned down with the precipitate (24). 

experiments are given in table 1. 

; i n received by stomach 

tube 0.880 gram of FeS 04 - /HoO (177 mgm. ferrous iron) dissolved in 100 cc of 

distilled water. It will be noted that all the bile-fistula animals absorbed iron as 
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indicated hy a rise in the plasma level. No rise in plasma iron occurred in two 
successive tests on one of the unoperated animals, perhaps as a consequence of 
the extremely high original level (25). 

We attach no particular significance to the absolute magnitude of the rise in 
plasma iron for several reasons. Our method gives us no information as to the 
rate at which iron is leaving the blood stream. Presumably, absorption is alwaj^s 
quantitatively greater than can be accounted for by the increased concentration 
in the plasma, and could be considerable even in those experiments in which no 
increase occurred. Arbitrarily fixed sampling times may have caused us to miss 
the peak values, and the wade differences in original plasma levels make it diffi- 
cult to choose an index of comparative absorption. Consequent^, in this and 
subsequent tables, we have indicated the magnitude of absorption only rough^q 
as follows; none, if the rise w^as less than 20 per cent of the original value, with 
full recognition of the fact, as stated above, that this does not preclude the 
possibilitj'^ that some absorption occurred; poor, if the rise did not exceed 50 per 
cent of the oi’iginal value; good, if the rise was 50 per cent or aboim. 

The control experiments included in this table show that in animals under 
identical conditions there is no tendency for the plasma iron to rise spontane- 
ously, so it seems clear that the absence of bile has little effect on the absorption 
of iron by a fasting animal from a solution of a ferrous salt. 

In view' of the results just described, w'e considered it important to determine, 
if possible, w'hether the presence of food in the intestine interfered more seriousl}' 
w'ith iron absorption in the bile-fistula animals than in the unoperated controls. 
It appeared ob\'ious from the slow' progress of their anemia, as well as its tendency 
tow'ard occasional spontaneous remissions, that bile-fistula animals must absorb 
some dietary iron. 

The experiments presented in part I of table 2 show that there w'as no increase 
in the plasma iron in either type of animal during the 6 hours following a single 
dose of ferrous gluconate added as the diy powder to the regular diet. There 
is good absorption in each, how'ever, from a solution of ferrous gluconate given 
by stomach tube 30 minutes before feeding. We have repeated the first type of 
experiment numerous times, and in no instance have we detected any increase in 
plasma iron. 

These results indicate that even though some absoi’ption may have occurred, 
it would be necessary to give much larger quantities of iron in order to establish 
the fact beyond question by our method. Since the 1 gram dose w'hich w'e had 
been using appeared to be about as much as could be added to the ration w'ithout 
making it unpalatable, it seemed preferable to add this amount daily for several 
daj's and attempt to build up a high plasma level by accumulation, rather than 
resort to a larger single dose. The results of a typical series of experiments are 
showm in part II of table 2. Blood samples w'ere draw'n on the day preceding the 
first dose, the third day of administi-ation, and the daj' after the fifth and last 
dose. It is evident from the high iron levels observed on the third and fifth days 
that good absorption can occur in the bile-fistula dog, since variations of such 
magnitude do not occur spontaneously. This is shown by basal plasma iron 
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levels taken from other experiments in which the same animals were used (part 
III of table 2) . It would appear that such variations as do occur in these basal 
levels are in themselves evidence of absorption of dietary iron, since determina- 
tions on successive days of fasting in some 25 animals to date have shovm a 
steady, downward trend. We believe the decrease observed in two of the 
animals at the fifth daj^ may be accounted for hy the poor appetite which became 
apparent in these animals about the fourth day of the test. 

TABLE 2 

The influence of food on iron absorption 


Part 1. 1 gram ferrous gluconate (116 mgm. ferrous iron) mixed with regular food 


EXPERIMENT 

ANIMAL 

PLASMA IRON, MICROGRAMS PER CENT 

ABSORPTION 

Initial j 

2 hours 

4 hours 

4 hours 

4/3/40 

4/3/40 

1 gra\ 
4/3/40 
4/3/40 

Unoperated no. 3 
Bile-fistula no. 1 
m ferrous gluconate in 100 
Unoperated no. 4 
Bile-fistula no. 9 

183 

200 

cc. by 

150 1 

192 

175 

200 1 
’ stomach tv 
567 

550 

133 

192 

[be, regular 
40S 

475 

100 

15S 

food I hr. 1 
442 

458 

1 None 
None 
later 

Good 

Good 


Part II. 1 gram ferrous gluconate per day, May 4-8 inclusive, mixed with regular food 


ANIMAL 

PLASMA IRON, MICBOGRAMS PER CENT 

1 

1 absorption 

5/3/40 

5/6/40 

5/9/40 

Bile-fistula 

1 

167 

t 275 

i * 

\ 458 

Good 

3 

217 

343 

225 

Good 

9 

217 

300 

275 

Poor 

Unoperated 

4 

150 

392 

475 

Good 

5 

100 

217 

267 

Good 


Part III. Basal plasma iron levels, bile-fistula animals, at random over a 1 year period 


ANIMAL 

PLASMA IRON, MICROGRAMS PER CENT 

1 — 


2/13/40 

2/2S/40 

4/3/40 

7/11/40 

7/24/40 

9/19/40 

2/3/41 

1 

1 

225 

200 

317 

200 



3 

200 



217 


258 


9 



192 

242 

233 

225 

183 


Since fat is known to be poorly absorbed in the absence of bile, we wondered 
whether its presence in the intestine would have any effect on iron absorption in 
the bile-fistula dog. (The diet used in the experiments just described contained 
about 5 per cent of fat.) The first five experiments of table 3 show that the 
addition of a neutral fat (100 cc. of olive oil) to the ferrous gluconate solution 
definitely inhibits iron absorption during the 6 hour observation period. In only 
one experiment was there a clear-cut, progressive increase in plasma iron- in 
another, because of a nse at the sixth hour, absorption is designated as doubtful. 
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In contrast to this, as the next three experiments show, the presence of olive oil 
appears not to affect iron absorption in the normal animal. The last five ex- 
periments of table 3 show that an inert oil (mineral oil) may possibly interfere 
with iron absorption in the bile-fistula dog, but does not prevent it. 

Attempts to repeat the experiments of part II, table 2, using a diet in which the 
fat content was raised to about 20 per cent by the addition of corn or cotton-seed 
oil, have failed to yield definitive results because both unoperated and bile- 
fistula animals refuse to eat such a mixture with any regularity. We can say, 
however, that the plasma iron showed fluctuations both above and below the 
original level in unoperated and bile-fistula animals alike, again suggesting that 


TABLE 3 


The effect of fat on iron absorption. All animals post-absorptive at beginning of experiment 


i 



PLASMA IRON, MICROQBAMS PER CENT 



EXI‘EB1MENT 

AIHMAIj 







ABSORPTION 

j 


Initial i 

2 hours 

2} hours 

i hours 





1 gram ferrous gluconate in 100 cc. H 2 O plus 100 cc. olive oil, by stomach tube 


Bile-fistula 









5/ 3/40 

9 

217 

225 


217 


167 

None 

7/11/40 

1 

317 

275 


225 


183 

None 

7/11/40 

3 

217 

192 


167 


233 

(Doubtful) 

7/24/40 

9 

233 ' 


242 


175 


None 

■ 7/24/40 

10 

175 


217 

1 

233 


Poor 

Normal 









9/19/40 

8 

208 



367 


275 

Good 

9/19/40 

9 

192 

■SB' 


533 


367 

Good 

9/19/40 

1 10 

1 242 

342 


442 


475 

Good 


1 gram ferrous gluconate in 100 cc. H 2 O plus 100 cc. mineral oil, by stomach tube 


Bile-fistula 

5/ 3/40 

1 

167 

200 

5/ 3/40 

3 

217 

308 

7/11/40 

9 

242 

292 


■■ 

200 

275 

7/24/40 

■M 

200 




167 


1 

i 

167 

Poor 


333 


342 

Good 


308 


300 

Poor 


292 


242 

Good 

242 

1 

242 


Poor 


some absorption must have occurred after the sporadic feedings to which hunger 
drove them. 

Discussion. Our results show that bile-fistula dogs absorb significant amounts 
of iron from the gastro-intestinal tract when a ferrous compound is given alone, or 
is added to their regular diet. In fact, under these conditions absorption by the 
bile-fistula animals is not detectably inferior to that of unoperated controls, as 
judged by the magnitude and the time relations of the increase in the inorganic 
iron of the plasma. In the presence of fat, however, absorption proceeds nor- 
mally in the controls, but cannot be detected during the customary 6 hour obser- 
vation period in the bile-fistula dogs. It will be noted that mineral oil in similar 
amounts has only a slight inhibitory effect, indicating that the physical properties 
of the oil do not account for the interference observed. 
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Evidence from this laboratory (27) indicates that after a fat meal there is a 
greater delay in gastric emptjdng during the latter half of the digestive period in 
bile-fistula dogs than in unoperated controls. The difference, however, is so 
slight that one cannot account for the observed differences in iron absorption on 
the basis of delay in the arrival of food in the intestine of the bile fistula dog. 
We would conclude that the difference is probably due to the decreased rate of 
fat absorption in the bile-fistula dog, allowing immobilization of a large portion of 
the iron in the form of insoluble soaps. Of considerable interest is the fact that a 
meal comparable to those used in our feeding experiments leaves the stomach at 
about the same rate in both types of animal. It would appear that under these 
circumstances the presence of food so delays iron absorption that it is balanced 
bj’' the rate of migration from the plasma, and therefore no change can be ob- 
served in the plasma level. The animal appears to have no difficulty in storing 
all the iron that can be absorbed from a single large dose, since extension of the 
observation period to 36 hours gives a similar negative result. On a diet of 
normal character there seems to be no inhibitory influence peculiar to the bile- 
fistula animal, and we have shovm it to be possible by persistent administration 
of iron over the course of several daj'^s to obtain significant rises in the plasma iron 
levels of bile-fistula as well as unoperated animals. 

While we would not insist that bile-fistula animals are able to absorb iron as 
well as unoperated animals under all circumstances, we are forced to the con- 
clusion that inadequate absorption cannot be held responsible for their spon- 
taneous, chronic anemia. Aside from the data presented above, we have col- 
lected all the post-absorptive plasma iron determinations obtained in the course 
of this study, and have subjected them to statistical analysis. In an experiment 
involving determinations on serial samples of blood, only the first was included. 
The mean of 34 determinations on control animals was 198 micrograms per cent, 
ndth a standard deviation of 10.6. The mean of 37 determinations on bile- 
fistula animals was 204 micrograms per cent, the standard deviation, 6.85. The 
standard deviation of the difference between the means is 12.65, more than twice 
the observed difference. Thus the basal values have proved to be identical in 
bile-fistula and normal dogs. It is generally recognized that iron deficiency 
anemia is characterized by low plasma iron values (17; note for instance our 
control animals 4 and 5). 

We have presented elsewhere in more detail our reasons for believing that the 
anemia in the bile-fistula animal is due to lack of the erythrocyte maturation 
factor (28). It is significant that although Hawkins et al. (12) concluded from 
their studies that iron absorption is diminished in the bile-fistula dog, they were 
not convinced that this alone could account for the decreased hemoglobin pro- 
duction wffich they observed. At that time they suggested the possibility of 
impaired liver function in the absence of the normal secretion-absorption cycle 
of the bile salts as an additional factor in its etiolog}’’. 

SUMMARY 

Bile-fistula dogs which have been maintained for long periods without the oral 
administration of bile remain persistently anemic, yet they absorb iron (as judged 
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by the rise of the plasma level) in a substantially normal manner if the iron com- 
pound is given alone or is added to their standard diet over a period of several 
days. 

Iron given with neutral fat is absorbed so slowly by bile fistula dogs that no 
change in plasma level occurs over a 36 hour observation period. Control dogs 
absorb iron well under similar conditions, as judged by the increase in their 
plasma iron values. Mineral oil given with iron does not prevent a rise in plasma 
iron in bile fistula animals. Because the changes in gastrointestinal motility that 
have been observed previously in bile-fistula animals do not seem adequate to 
account for these effects on iron absorption, we conclude that the prevention of 
iron absorption by fat in the absence of bile is probably due to the formation of 
insoluble iron soaps. 

The abilitj' of the bile-fistula dog to absorb iron on a low fat diet, together with 
the normal fasting plasma iron levels of these animals, indicates that the anemia 
in these dogs is not secondary to iron de6ciency. 
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Pantothenic acid has been demonstrated to be essential for the maintenance 
and growth of both microorganisms and laboratory animals. Its growth stimu- 
lating effect on j’^east and on bacteria served as the basis for the development of 
quantitative assay methods for this material. Also, its effectiveness in restoring 
growth and preventing the dermatitis which occurs in chicks maintained on a 
pantothenic acid free diet has been employed in the development of an assay 
method with this species. Although no assay methods have been proposed using 
rats, it has been sho^vn that graded doses of calcium pantothenate produce 
graded growth responses in rats maintained on purified diets free from panto- 
thenic acid. While such a procedure might not be suitable for assays of panto- 
thenic acid in natural substances, it can be employed to obtain roughlj*- quantita- 
tive data on the biological effectiveness of chemically pure substances related 
to pantothenic acid. The preparation of two esters of pantothenic acid, 

(I) H0CH2C(CH3)2CH0CH3C0 • CONHCH2CH2CO2C2H5 

(II) H0CH2C(CH3)2CH0HC0NHCH2CH2C02C2H5 

ethyl monoacetyl pantothenate (I) and ethyl pantothenate (II) by Harris, 
Boyack and Folkers (2) gave the occasion to study their biological activit}’’ in 
comparison with calcium pantothenate. 

Microbioassay. The microbiological assays with Lactobacillus casei were 
carried out according to the method of Pennington, Snell and Williams (5) with 
the exception that the alkali treated yeast extract (10 mgm. per tube) was sup- 
plemented by a mixture of thiamine (10 y), riboflavin (1 7 ), nicotinic acid (10 7 ) 
and pyridoxine (10 7 )- The aqueous solutions of the esters (pH 7) were steri- 
lized either by Seitz filtration, by streaming steam at 100°C., or by autoclaving 
at 15 pounds' iiressure for 20 minutes. 

Table 1 presents data on the effect of these sterilizing procedures. The 
acthdty of ethyl monoacetyl pantothenate sterilized bj^ Seitz filtration was 0.7 
per cent and of ethyl pantothenate 6.7 per cent of that of equimolecular amounts 
of pantothenic acid. A slight increase in activity was found after standing for 
G weeks, indicating some hydrolysis at neutral pH. Steam sterilization as well 
as autoclaving for 20 minutes at 15 pounds pressure increased the activity con- 
siderably, whereas autoclaving with normal sodium hydroxide destroyed the 
actii'ity of both esters almost completelj’’. 
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TABLE 1 

Effect of various methods of sterilization on the biological activity of ethyl monoacetyl panto- 
thenate and ethyl pantothenate as determined by microbioassay 
The activity is expressed in terms of percentage of the activity of equimolecular amounts 

of pantothenic acid 



SEITZ nUTBATIOIf 

STEAM AT 

wc. ; 

AUTOCLAVE 

AT pH 7 

AUTOCLAVE 

AT pH 14 

Immedi- 

ately 

2 weeks 
later ] 

i weeks 
later 


per cent 

percent 

percent 

per cent 

1 per cent 

per cent 

Ethyl monoacetyl pantothe- 





i 


nate 

' 0.7 



2.64 

5.05 


Ethyl pantothenate 

6.8 



12.1 

25.0 




Fig. 1. The growth promoting effect of equimolecular amounts of ethyl monoacetyl 
pantothenate, ethyl pantothenate and calcium pantothenate on rats maintained on a basal 
ration free from pantothenic acid. Each curve represents the average growth rate of 5 
animals. 

1, no pantothenic acid; 2, lOy ethyl pantothenate; 2, lOy calcium pantothenate; 4> 25y 
ethyl monoacetyl pantothenate; S, 25y ethyl pantothenate; 6, 25y calcium pantothenate, 
7, lOOy ethyl monoacetyl pantothenate; 8, lOOy ethyl pantothenate; lOOy calcium pan- 
tothenate. 

Fig. 2. The response to equimolecular amounts of ethyl monoacetyl pantothenate, 
ethyl pantothenate and calcium pantothenate in rats depleted for 17 days on a basal ra- 
tion free from pantothenic acid. Bach curve represents the average growth rate of 6 
animals. 

1, no pantothenic acid; 2, lOOy ethyl monoacetyl pantothenate (autoclaved at pH 7), 
5, lOOy ethyl pantothenate (autoclaved at pH 7); 4, lOOy calcium pantothenate (autoclaved 
at pH 7) ; <?, lOOy eth 5 'l monoacetyl pantothenate (autoclaved at pH 14) ; &, lOOy ethyl pan- 
tothenate (autoclaved at pH 14); 7, lOOy calcium pantothenate (autoclaved at pH 14). 


Animal assay. The assays were conducted in a manner previously described 
(7) on young albino rats maintained on a diet consisting of dextrose 68 per cent; 
vitamin-free casein 18 per cent; hydrogenated vegetable oil (crisco) 8 per cent; 
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salt mixture U.S.P. XI no. 1, 4 per cent; and cod liver oil 2 per cent, supple- 
mented vdth 0.8 mgm. each of thiamine, riboflavin and pyridoxine, 10 mgm. of 
nicotinamide, and 100 mgm. of choline chloride per 100 grams of diet. The 
esters were compared with equimolecular amounts of calcium pantothenate in 
both preventive and curative tests. 

The growth promoting effect of the daily administration of graded doses of 
the esters as well as of calcium pantothenate in preventive experiments is illus- 
trated in figure 1. Equimolecular amounts of ethyl monoacetyl pantothenate, 
of ethyl pantothenate and of calcium pantothenate produced comparable in- 
creases in the weight of the animals. Furthermore, the condition of the fur 
and the occurrence of other deficiency symptoms was comparable in groups 
receiving the smaller amounts of these substances. The animals receiving 100 
micrograms of calcium pantothenate or its equivalent of either the two esters 
grew at approximately the same rate and presented a normal appearance. 

The curative effect of the esters of pantothenic acid and of its calcium salt on 
rats depleted for 17 daj^s on the basal ration is shoAvn in figure 2. The growth 
response to the daily administration of 100 micrograms of calcium pantothenate 
or its equivalent of both esters was immediately and approximately the same 
in each case. Within 3 weeks the quality of the fur of the rats in these groups 
improved considerably, and discharge from the nose, rasty spots on the fur and 
“blood-caked” whiskers had disappeared. The rats which received during 
the same period identical amounts of the test substances autoclaved for 20 
minutes at pH 14, failed to gain in weight and did not differ in their appearance 
from the untreated control animals. 

One of these esters (ethjd monoacetyl pantothenate) was tested on a group of 
chicks maintained on a ration in which pantothenic acid had been destroyed by 
prolonged heating (3). Supplementation with ethyl monoacetyl pantothenate 
prevented the occurrence of dermatitis and promoted growth comparable to 
that obtained mth calcium pantothenate. 

Discussion. The data presented demonstrate a striking difference in the 
degree of utilization of both ethyl monoacetyl pantothenate and ethyl panto- 
thenate between Lactobacillus casei and rats or chicks. While rats apparently 
utilize these esters to the same extent as calcium pantothenate, their utilization 
by Lactobacillus casei is almost negligible. However, hydrotysis (particularly 
by autoclaving at pH 7) increases to some extent the activity of both esters on 
the growth of Lactobacillus casei. Woolley et al. (8) reported that acetylation 
of pantothenic acid destroys its activity on chicks and more recentty Woolley 
(9) leported that pantothenic acid diphosphate is biologically inactive when 
assayed by the bacterial method. On the other hand, Griissner et al. (1) found 
that ethyl pantothenate had a grov4h promoting effect on rats maintained on a 
diet presumably free from pantothenic acid. Apparently, neither of these 
investigators tested their compounds on both microorganisms and laboratory 
animals. Furthermore, Mitchell et al. (4) found it necessary to hydrolyze 
methyl acetyl pantothenate for the determination of its physiological activity 
on Streptococcus lactis. Our experiments demonstrate that certain esters of 
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pantothenic acid can be as effective as the calcium salt of pantothenic acid in 
rats, but are utilized to only a very small extent by Lactobacillus casei. They 
indicate, therefore, that microbioassays with Lactobacillus casei determine the 
free pantothenic acid, but may fail to give information concerning the presence 
of pantothenic acid in the form of esters which can be utilized by animals. 

In this respect our findings are analogous to those made on the tetracetate of 
riboflavin (6) which was found to be inactive in the bacterial test, but active 
on rats. 


SUMMARY 

Two esters of pantothenic acid, ethyl monoacetyl pantothenate and ethyl 
pantothenate have been studied for their biological activity on Lactobacillus 
casei and on rats and chicks. 

1. Both esters were found to be only slightly active in stimulating growth of 
Lactobacillus casei. 

2. Both esters were found to be as effective as equimolecular amounts of 
calcium pantothenate in promoting growth and in preventing or curing de- 
ficiency lesions in rats maintained on a basal diet free from pantothenic acid. 

3. The significance of the different utilization of the esters by microorganisms 
and by animals has l^een discussed. 
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Investigations on the perfused isolated heart (2) and the heart-lung prepara- 
tion (3) show that the coronary flow is increased by hypoxemia, bj’’ HCN and by 
momentary ischemia, but no observations are available regarding the coronary 
effects of anoxia in the whole animal unless one infers that the increased flow 
observed during exercise in the unanesthetized animal (4) is due in part to rela- 
tive anoxia. Furthermore, with the exception of the observations on the fibril- 
lating heart (5), it is not possible to say whether the increased coronarj^ flow in 
anoxia, asphyxia, etc., is due to effects on the coronary vessels or to extravascular 
effects resulting from the cardiodynamic alterations produced by the anoxia, or to 
both (6, 7) . In order to investigate critically the effects of asphyxia and anoxia 
in the whole animal and at the same time to analyze the mechanisms involved, 
the aortic pressure and the moment to moment inflow into a coronary artery of 
anesthetized dogs were optically recorded. 

Procedure. Twenty dogs, averaging a,round 15 kgm., were anesthetized 
subcutaneously vdth 40 mgm. morphine and sodium barbital (200 mgm./kgm. 
intravenously). Under artificial respiration, the heart was exposed and sus- 
pended in a pericardial cradle. The animal’s blood was rendered noncoagulable 
by intravenous injection of 75 units of heparin and 80 mgm. of Calcomine fast 
pink^ per kgm. of body weight. A cannula was inserted into the ascending aorta 
by way of the subclavian artery, and another directed peripherally, was inserted 
into the ramus descendens anterior. Follovdng a procedure previously'' described 
(8), the coronary flow was optically recorded by conducting the blood from the 
aortic cannula through an orifice meter and thence into the coronary’’ cannula. 
Arterial blood pressure was recorded by optical pressure manometers connected 
laterally to the flow sy'stem. 

The rate of flow was recorded by’' a beam of light reflected from a mirror in the 
optical differential manometer connected vdth the orifice meter. The flow meter 
was calibrated several times during every experiment by passing blood through 

> A preliminary report of this work was presented at the Toronto meeting of the American 
Physiological Society, This Journal 126: 554, 1939. 

- Aided by a grant from the Council on Pharmacy and Chemistry of the American Medi- 
cal Association. 

’ Courtesy of the Calco Chemical Company. 
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Fig. 1. Ball and socket joint for mounting the window of differential manometers used 
in liquid systems. See text for description. 

Fig. 2. Pedestal stand for mounting optical manometers. U, a vertical steel tube about 
six and a half feet tall and three and one-half inches in diameter bolted to the concrete 
floor. Bi, a heavy^ cast-iron bar; Ri, a one inch rod supporting the manometers, M; a second 
smaller bar, B}, and a lighter rod, Rz, united by sleeve clamps, C, form essentially a hori- 
zontal triangular mounting. Rz serves to support the rubber tube connections for filling, 
flushing and calibrating the manometers. A heavy clamp, Bz, and a one and three-quarters 
inch steel rod, Ri, support the animal board, P». By appropriate adjustment of the various 
clamps this board can be elevated, rotated and moved to any position under the manome- 
ters, or swung to one side free of the manometers to provide an operating table. Pi, u plat- 
form for supporting the various fluids used in filling and flushing the manometers and for 
giving intravenous infusions. Attached to the post but not shoum in the diagram are also 
the mercury manometer for calibrating the optieal manometers, an artificial respirator and 
electrical, pressure and vacuum outlets. 
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it at known rates of flow while recording the deflection of the differential beam. 
The deflection of this beam is roughly proportional to the square of the rate of 
flow through the orifice. The instantaneous rate of flow is determined by com- 
paring the deflection of the beam at the desired instant in the cj^cle with the 
calibration scale placed adjacent to the record. The total flow for any given 
systolic or diastolic interval was determined by integration of the appropriate 
interval of the recorded curves after redi'awing them with a linear ordinate scale. 
(See reference 9 for details of the integration procedure.) For convenience in 
comparing these at different heart rates the flow for a single systolic or diastolic 
interval (in cubic centimeters) was multiplied by the heart rate to give the total 
sj'^stolic or diastolic flow in cubic centimeters/minute. The mean flow, equal to 
the total cycle flow per minute, is the sum of the total systolic and total diastolic 
flows per minute. 

A number of improvements in the method of recording were made. Since it is 
rarely possible to mount the mirror of the differential manometer so that it will 
be parallel to the window, a prism of ivater is usually present which causes 
colored fringes and therefore poor definition of the recording beam. In the 
original model a small angle prism was placed in front of the window to correct 
for the prismatic effect of the water. In these experiments a differential manom- 
eter was used in which the window (see fig. 1, L), mounted in a leak-proof ball, 
B, and socket joint, C, S, could be rotated until it was parallel to the mirror, ilf. 
This arrangement'* made it possible to obtain much sharper images and to in- 
crease the light intensity. The differential manometer and pressure manom- 
eters were mounted on a special optical stand'* (see fig. 2) ivhich provided the 
rigid mounting necessary for optical recording yet allowed easj’’ access to both 
the manometers and experimental animal. A description of the parts of the 
stand is given in the legend accompanying the figure. 

Results. Asphj^xia was studied in thi'ee experiments by shutting off the 
artificial respiration. The results are illustrated in figure 3 by sections of records 
taken from a typical experiment. The upper two curves, APi, AP^, are records 
of aortic pressure; the lower curve, F, is the record of coronary flow. In the 
control period with a systolic aortic pressure of 93 mm. Hg and a diastolic pres- 
sure of 52 mm. Hg, the instantaneous rate of flow at the end of diastole. A, was 
25.5 cc./min. During isometric contraction Avhich follows, A, backflow into the 
aorta was observed, followed by forward flow which reached a peak during the 
rise of aortic pressure and then dropped to a steady rate of 4 cc./min. After the 
end of systole, B, the rate of flow increased rapidly during isometric relaxation, 
leached a peak in mid-diastole, and then slowly declined until the next isometi’ic 
contraction. A'. The total flow during sj^stole, A-B, was 0.017 cc., and that 
during diastole, B—A', was 0.113 cc. These figures times the heart rate (135) 
give total systolic and diastolic flows of 2.3 cc./min. and 15.2 cc./min. re.spec- 

tii-ely. The mean cycle flow calculated from the sum of these two was 17.5 
cc./min. 

thJ tn ^hysio/L^ (lof'”" apparatus was presented at the Toronto meeting of 
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Within 10 seconds after discontinuing the artificial respiration the flow at the 
end of diastole, A or A' , had accelerated to 31 cc./min., and that at the end of 
systole, B, to 17 cc./min.; the total systolic flow had increased to 6.6 cc./min., 
and the diastolic to 19.0 cc./min., and the mean cycle flow to 25.6 cc./min., 
despite the absence of any essential change of aortic pressure or heart rate. At 
the end of 1 minute there was still no significant change in aortic pressure or heart 
rate, but the instantaneous flows at the end of systole, and at the end of diastole, 
the total systolic and diastolic flows and the mean flow had increased to 690, 
160, 470, 165 and 205 per cent of their respective control values. As asphyxia 
was continued, the coronary flow increased still further, but at that stage the 
blood pressure had risen and the heart had slowed. 

As shown by the other segments of figure 3, after artificial respiration was 
restored, blood pressure, heart rate and coronary flow progressively returned to 
their control values. However, after 1 minute 40 seconds the coronary flow was 
still significantlj’’ increased, whereas blood pressure and heart rate were below 
their control values. 

Anoxia and hypercapnia were produced separately by giving artificial respira- 
tion by means of a reciprocating pump supplied with gas mixture stored in 
Douglas bags. Respiration of a mixture of 10 per cent by volume of oxygen in 
nitrogen, for periods up to 4 minutes, caused no appreciable changes in either 
blood pressure or coronary flow. Longer periods were not used because of the 
difficultj’' of storing the large volumes of gas needed. In all 11 trials in 5 animals 
with oxygen percentages of 7 per cent or less, however, essentially the same effects 
as the ones produced by asphyxia were observed. In a typical experiment, il- 
lustrated in figure 4, the instantaneous rate of flow at the end of sj’’stole was 10 
cc./min. and that at the end of diastole, 41 cc./min.; the total S3’’stolic flow was 
9.9 cc./min. and diastolic 20.4 cc./min., and the mean cycle flow was 30.3 cc./ 
min. Within 20 seconds after starting respiration of 5 per cent oxygen, the in- 
stantaneous rate of flow at the end of systole had increased to 18.5 cc./min. and 
that at the end of diastole to 57 cc./min.; and the total systolic, diastolic and 
mean cycle flows ivere respectively 13.6 cc./min., 25.9 cc./min., and 39.5 cc./min., 
despite a slightly lowered aortic pressure. After 94 seconds of anoxia the in- 
stantaneous rates of flow were increased to 340 per cent of the control value at 
the end of systole, and to 210 per cent at the end of diastole, and the total S 3 ^stolic 
and diastolic and mean cycle flows Avere respectively 230, 215 and 220 per cent of 
their control rates, with the aortic pressure restored to about the control level. 
Within 48 seconds after returning to respiration of air, the aortic pressure and 
rate of flow were restored to the control level. The top curve in this record Avas 
oljtained with the myograph of Tennant and Wiggers (11). It shows no ap- 
parent effect on the contractile effort as a re.sult of the anoxia. In 14 tests on 5 
animals, all of which exliibited the typical responses to asphyxia, anoxia or 
mA-ocardial ischemia described in this paper, CO, in air in concentrations of five 
to eight per cent by volume was administered until slowing of the heart pre- 
mature systoles and declme of aortic pressure occurred. No significant increase 
of coronary flow was observed. Slight decreases of flow at the end of diastole 
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were often seen but they usually accompanied a decline of aortic diastolic pres- 
sure. 

Myocardial ischemia. The observations of Gregg and Green (12) indicated 
that temporary myocardial ischemia produces markedly increased coronary 
flow. This was investigated more thoroughly in these experiments in order to 
correlate the effects of generalized asphyxia with local ischemia. The myo- 
cardial ischemia was produced by temporarily preventing blood flow into the 
area of the myocardium vascularized by the ramus descendens anterior. At 
periodic intervals blood was then allowed to flow into this area through the meter 
for a few seconds to record the effect of the ischemia. The results in a typical 
experiment are reproduced in figure 6. Again the effects were comparable to 
those of generalized asphyxia. The first flow measurement was made after 20 
seconds of ischemia and at this time significant increases of flow were recorded. 
After 120 seconds of ischemia the instantaneous rates of flow at the end of systole 
and the total systohc flow were increased to over 500 per cent of the control, 
and the instantaneous flow at the end of diastole, the total diastolic and the mean 
cycle flows were increased to over 350 per cent of the control values. The myo- 
graph, flow and blood pressure curves show that, after two minutes of ischemia, 
the heart began alternating due to decreased systolic shortening in the ischemic 
area every other beat (see ref . 17) . As shown in table 1 , the instantaneous rates 
of flow at the end of systole and diastole in the strong beats were somewhat 
greater than in the weak beats when compared to the simultaneously existing 
aortic pressures. Corresponding observations were made in 28 tests on 15 
animals. Only one animal (GWIS) showed no change in coronary flow in re- 
sponse to myocardial ischemia. This animal also failed to react to intracoronary 
injection of the nitrites (13) . 

One of the most interesting points in our experiments is the brief period of 
ischemia required to produce an increase in coronary flow. In all 9 trials in 4 
animals, a period of ischemia of 3 to 5 seconds sufficed to increase the instantane- 
ous coronary flow at the end of systole to 150 to 250 per cent of the control value, 
and that at the end of diastole to 130 to 200 per cent of the control value. With 
ischemia lasting 1 to 2 minutes the rates of flow approached their maximum at 
about 45 seconds to 1 minute. The maximal flows recorded were around 200 
to 400 per cent of the control values for the flow at the end of systole and around 
200 to 350 per cent for the flow at the end of diastole. A significant change of 
aortic pressure was not observed in any of these experiments. With periods of 
ischemia of 1 to 2 minutes recovery of normal rates of flow usually occurred 
within 2 to 3 minutes. Since longer periods of ischemia failed to produce any 
further increase of floAv, these rates recordedmay represent maximal vasodilatation. 
iUso of interest is the fact that a significant impairment of myocardial contrac- 
tion, as indicated by the systolic extension recorded by the myograph, did not 
appear before thirty seconds to one minute of ischemia, whereas by this time 
coronary^ flow had approached its maximum. Furthermore, during recovery 
mjmcardial contraction became practically normal within one to one and a half 

minutes, whereas return of the coronary flow to its normal value alw^ays required 
two to three minutes. 
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Myocardial anoxia. To determine whether the effects of myocardial ischemia 
like those of generalized asphyxia could be due to anoxia, we made 5 injections of 
0.2 to 1.0 mgm. NaCN into the cannulated coronary vessel in 5 animals. The 
results, essentially the same in all the experiments, are illustrated by the seg- 
ments of records in figure 5. The maximum effect, observed about 35 seconds 
after the injection, consisted of an increase of the instantaneous and total 
systolic flows to over 370 per cent of the control, an increase of the diastolic flows 
to over 280 per cent, and of the mean cycle flow to around 310 per cent of the 
control rates, despite the absence of any significant change of aortic pressure or 
heart rate. Complete recover^’' occurred in 195 seconds. 

Discussion. The most striking fact demonstrated by these records is the 
marked increase in mean flow which preceded any rise of aortic pressure and must 
therefore have been due to decreased resistance to flow in the coronary vessels. 
Since in many instances the percentage increase in the sj^stolic contribution was 
even greater than in the diastolic one is led to suspect that in addition to relaxa- 
tion of the vascular walls some mechanical factor affecting the extravascular 
compression was in operation. 

As indicated elsewhere (8, 13, 18), comparison of the experimental instantane- 
ous rate of flow at the end of diastole {A or in the figs.) with that at a 
corresponding instant in the control record gives a measure of the change in 
intramural flow mainly due to intrinsic activity of the vascular walls. Similar 
comparison of the instantaneous flows at the end of systole (B in the figs.) gives in 
addition an indication of the alteration in the effective extravascular pressure. 

Were it not for the changes of aortic pressure such comparison could be made 
directly for the flows. In order to allow for the effects of changing aortic pres- 
sure we have assumed that over the range of pressure fluctuation observed the 
flow would vary proportionally vdth the aortic pressure and have expressed our 
data as a ratio of flow to pressure-index of flow (13). 

The systolic and diastolic indices of flow for the experiments illustrated in this 
paper are given in table 1 . An additional column contains a ratio of the s 5 '^stolic 
to the diastolic index. It is seen that both indices are increased as a result of 
asphj’^xia, anoxia and mjmcardial ischemia and anoxia. Furthermore, as shown 
by the last column, the S 3 "stolic index was in all instances increased relativel}" 
more than the diastolic. Of interest in this connection is the fact that the coro- 
nary dilator action of the nitrites and especially of the xanthines was usuallj" ac- 
companied bj*^ a smaller increase in the sj'^stolic index than the diastolic index 
(13). It seems therefore that the effects of anoxia, asph 5 ’xia, etc. are both to 
cause relaxation of the coronaiy vessels and also to decrease the effective ex- 
travascular compression exerted during s 3 ''stole. 

According to Strughold (14) anoxia causes the ventricles to be larger in both 
sj^stole and diastole. This maj’' have operated mechanicallj’’ to decrease the 
effective extravascular compression force, especiallj’’ during sj^stole, ei''en though 
the tension per unit of cross section of the m 3 mcardium were increased — ■ as it 
must be with an enlarged and therefore thinner walled chamber if the same 
S 3 ^stolic aortic pressure is developed (15). The larger S 3 ’^stolic ventricular size 
ma 3 '- be the cause of the greater s 3 ''stolic index of flow during the large beats in 
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tii6 iscliGiilic heart. This concept is consistent with the effects of increased 
venous return on coronary flow (12) and on the relation of intramyocardial pres- 
sure to aortic pressure observed by Johnson and Di Palma (16). The indices 
suggest that the coronary vascular lumen continues to increase during the phase 
of rising aortic pressure. 

Whatever the mechanism, the effects of asphyxia, anoxia, and myocardial 
ischemia and anoxia were essentially similar as regards the magnitude and char- 
acter of their effects. The absence of any significant effect with hypercapnia 


TABLE 1 


Tabulation of typical experiments on coronary flow 


NUMBER 

EXPERIMENT 

SP 

SP 

4 

DF 

DP ! 

1 

i 

1 

4 

4 

G'Wl-20 

Control 

4.0 

85 

0.047 

25.5 

52 

0.49 

0.096 


Resp. off 10" 

I 17.0 

85 

0.20 

31.5 

52 

0.605 

0.33 


Resp. off 60" 

27.5 

90 

0.306 

40.5 

1 54 

0.75 

0.408 


Resp. off 1' 40" 

37.0 

j 98 

0.378 

50 

58 

0.89 

1 0.425 

GWll-8 

Control 

10 


0.087 

, 41 

lEI 

0.432 

0.201 


5% Oi 64" 

34 

m 

0.279 

86 

m 

, 0.852 

0.328 

GW9-16 

Control 

2.5 

75 

M 

18.6 

61 

0.303 

0.109 


Ischemia 2' (small beat) 

29 

81 


66 

66 

( 0.850 

0.422 


Ischemia 2' (large beat) 

41.5 

91 

B 

63 

72 

0.875 

0.52 

GW22-4 

Control 

12.5 

115 

0.109 

1 

25 

90 

0.278 

0.289 


NaCN (1 mgm.) 

50 

100 

0.50 

72 

84 

0.857 

0.583 


Number = animal number and experiment number. Experiment = type of experiment 
performed. SF = instantaneous rate of flow at end of systole, i.e., at B in figures. SP = 
systolic aortic pressure at B in figures, note this figure is slightly lower than the peak pres- 

sure indicated in the figures. S-p = systolic index of flow = systolic instantaneous flow 

divided by simultaneously existing aortic head of pressure. DF — diastolic instantaneous 
rate of flow at end of diastole, i.e., at A or A' in figures. DP = diastolic aortic pressure. 

Dp = diastolic flow index = diastolic instantaneous rate of flow divided by the simulta- 
neously existing aortic head of pressure. 


suggests that, under the conditions of these' experiments, the effects of asphyxia 
weie due almost solel}'" to the anoxia produced. The regularity of the reaction 
to ischemia is so marked that it has become our custom in stud 3 dng drags to 
test the reactivity of the coronary bed by noting whether a significant increase 
01 now follows a ten second period of ischemia. 

• anoxia serves a useful purpose since it occurs prior to any 

indication of impairment of mjmeardial contraction (see figs. 4 and 5). It is 
not possible to establish from these experiments whether the responses to anoxia 
aic pioduced by the direct action of the anoxia upon the vascular bed or through 
reflexes initiating perhaps from the carotid sinus, but the fact that the increasS 
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index of flow can also be produced by local anoxia suggests that local anoxia 
is at least a mechanism, if not the major mechanism, involved. 

SUMMARY 

The effects of systemic and myocardial asphyxia and anoxia on the coronary 
circulation of dogs anesthetized with morphine and sodium barbital have been 
studied by metering with an optically recording orifice-meter the rate of flow 
of blood from the aorta into a coronary artery while the aortic head of pressure 
was measured by an optically recording pressure manometer. Both of these 
instruments were of adequate frequency to record the details of the contour of 
the flow and pressure fluctuations occurring within a single heart cycle. 

Asphyxia produced by interrupting the artificial respiration, and local ischemia 
produced by temporarily stopping the blood flow to an area of the myocardium, 
both caused increased coronary flow even in the absence of any change of aortic 
pressure. Since the responses to hypercapnia were negligible under the condi- 
tions of these experiments, whereas the effects of systemic anoxia — produced 
by artificial respiration with mixtures of air and nitrogen — and myocardial 
anoxia — produced by cyanide injections into the coronary artery — were essen- 
tially similar, it is concluded that they all depend upon the anoxia produced 
and probably upon this anoxia being present in the myocardium. 

Since the ratio of flow to pressure — ^index of flow — was increased even more 
in systole than in diastole, it is concluded that the anoxia causes both a relaxa- 
tion of the walls of the coronary vessels and also alters the dynamics of the 
myocardimn in such a way that the systolic tension development in the myo- 
cardium is less effective in producing the extravascular compressing force nor- 
mally present during ventricular systole. 
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The present study is a topographical analysis of thalamo-cortical relations as 
revealed by alterations in the electrocorticogram induced by localized thalamic 
stimulation. The work has been based upon the assumption that the complex 
spontaneous pattern of the cortex represents an aggregation of varioifs sorts of 
activity, some of which might have separate anatomical substrates capable of 
more or less discrete activation. Evidence has already been presented (Morison, 
Dempsey and Morison, IQdlb) for the existence of at least one such system (in 
that case extrathalamic) . 

Methods. Cats under various degrees of nembutal anesthesia (0.6 to 0.9 cc./ 
kgm.) were used. Both cortices were exposed and the stereotactic instrument 
•described by Morison, Dempsey and Morison (1941a) applied to the skull. 
The stimulating electrodes consisted of two enameled stainless steel vdres held 
in the barrel of a 21-gauge hypodermic needle, the bared tips separated by a 
distance of about 1 mm. Arrangements for supplying stimulating current were 
similar to those described before (loc. cit.) except that a resistance of 10,000 ohms 
was inserted between the center tap of the Wagner balancing potentiometer 
and ground. 

Recording electrodes consisted either of silver vires arranged in pairs with an 
interpolar distance of 1 mm. or silver-silver chloride-Ringer-agar wicks making 
a somewhat diffuse contact vith the pia (3-6 sq. mm.). When the vicks were 
used, records were usually taken between each of them and an “indifferent” one 
placed on the muscles of the neck. YTien the silver vires were employed, as v’as 
usually the case, similar “monopolar” recordings were taken between one of the 
members of the pair and an “indifferent” point. YTien responses appeared, 
changes were made by means of selector svitches so that records were taken 
between the two members of a single pair. This is not the place to discuss the 
very important theoretical objections which may be advanced against the two 
methods of recording, but in general it may be said that the data assembled 
have been analj'^zed with two major considerations in mind. Absence of a re- 
sponse on a diffuse monopolar lead points to a lack of significant electrical 
activity in a relatively wide surrounding area, while presence of response recorded 
vdth bipolar electrodes indicates activity very near (less than a millimeter) to 
them. Conversely presence of activity on the monopolar or absence from the 
bipolar setting is of less significance. 

The recording instruments used were a sLx channel Grass ink writer and a 
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DuBois mirror oscillograph driven by the output of five push-pull stage condenser 
coupled amplifiers. 

In general the electrodes were placed on the sensorimotor cortex as follows: 
on the anterior sigmoid gyrus in two positions, one as medially as possible, and 
the other at the lateral end of the cruciate sulcus; three positions on the posterior 
sigmoid and coronal gyri, one medially in the position giving the greatest response 
to sciatic stimulation, a second somewhat more laterally and posteriorly in an 
area giving responses to the radial nerve, approximately position R 2 of Marshall, 
Woolsey and Bard (1941) and a third as far laterally as was easily exposible. 
It was hoped that the lateral electrode position was in the neighborhood of the 
sensory face representation and in some experiments this was verified by re- 
cording potentials here in response to slight mechanical stimulation of the face. 
It was impractical, however, to make a complete map of the cortex by peripheral 
stimulation in each preparation and to follow it with a map of the thalamocortical 
projection. As the experiments progressed, it became clear that the localization 
of thalamic stimulation was at all events not equal to the task of making sharp 
distinctions between arm, leg and face areas in the cat. 

In several experiments a third set of electrodes was placed in a line 6 to 10 mm. 
behind those on the posterior sigmoid gyrus so that they made contact vdth the 
anterior marginal, posterior coronal, and anterior suprasjdvian gyri. Potentials 
were rarely recorded on any of these electrodes without concomitant activity 
in those placed on the posterior sigmoid, and in making the thalamic map illus-* 
trated below only the latter were specifically considered. In four experiments 
the frontal pole of the opposite hemisphere was cut away and electrodes placed 
upon the medial surface of the g 5 U'us proreus. 

The usual experimental procedure was as follows: all electrodes were con- 
nected to a selector box which allowed any possible combination of two to be 
fed to each of the six channels of the ink writer or to the amplifier suppljdng the 
DuBois instrument. Arrangements were then made bj’’ the use of the selector 
to record from six positions Mth the monopolar method. The stimulating 
electrodes were then lowered into the thalamus by 1 mm. steps, the most medial 
and posterior position being explored first. In most of the experiments four 
or five sagittal planes and three to five transverse planes separated by 2 mm. 
were thus explored. Cortical positions giving moderate to large potentials were 
noted in the protocol for each thalamic point. Relatively small (20 per cent or 
less of maximal) potentials were in general ignored when the monopolar record- 
ing sj^stem was employed. In cases of doubt, the responses were analj'^zed by 
means of bipolar records, which were found to have considerably more localizing 
value than had the monopolar method. "V^Tien more accurate information in 
regard to latency and wave form was desired, photographic records were taken. 

At the end of the experiments the brain was removed and fixed in formalin. 
In the majorit 3 ’' of experiments sections were cut free hand and stimulation 
points identified bj'' macroscopic inspection with reference to the coordinates of 
the stereotactic instrument. In others the tissue was imbedded in celloidin in 
the usual waj’-, cut at 30^, and alternate 5th sections stained with the Nissl and 
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Pal-Weigert methods. The active thalamic points identified by both these 
methods were plotted on enlarged tracings of the thalamus and its principal 
nuclei taken from the plates shown in the paper by Ranson and Ingram (1932). 
The nomenclature of the thalamic nuclei cited in this paper is therefore that 
of the same authors. For the final figures the number of plates was reduced by 
incorporating the points on two successive plates in one, a procedure which 
seemed justified, since the stimulus employed spread over at least a millimeter. 

Results. Several types of cortical responses may be elicited by thalamic 
stimulation, some of which have been mentioned elsewhere (Morison, Dempsey 
and Morison, 1941a). As might be expected from the intricacy of the fiber 
connections to, from, and within the thalamus, cortical response to stimulation 
within the thalamus may be quite complex and variable. Two general types 



Fig. 1. The primary response as recorded from a monopolar electrode on lateral part of 
g. coronalis at different frequencies of stimulation in the region of medial tip of pars ex- 
terna. A, 30 per sec. B, 60 per sec. C, 120 per sec. Note the relatively rapid disap- 
pearance of the negative phase. In this and the ensuing figures time is in 10 msec, intervals. 


with widely different properties may, how'ever, be easily separated out and 
some of their variants identified. These may be schematized as follow^s. 

A. The '‘Primary^' Response. 1. Description of response. Stimulation of 
the lateral thalamic mass gave rise to well-localized responses in the sensorimotor 
cortex. In the region of greatest activity these consisted of an initial deflection 
W'hich w^as positive to the putative “active” lead. This was ordinarily follow’^ed 
by a negative deflection of varying degree and constancy, frequently recordable 
over a wider area than w^as the initial positive actmty. Both phases of the 
response sometimes increased in magnitude in response to succeeding stimuli 
at moderate frequencies (6 to 30 per sec.). At higher frequencies marked 
declines m both phases of the potentials were recorded, the negative being the 
most labile (fig. 1 A) Frequencies of 60 per second usually reduced the responses 
to a fifrii or less of their mitial value in a few seconds. A few preparations gave 
appieciable responses for a considerable length of time at frequencies as high 
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as 120 per second (fig. 1). No special study of this point was made, , but it 
appeared that the conditions favorable for higher frequency of response were: 
light anesthesia, and stimulation distal to the thalamic projection nuclei, i.e., 
the thalamo-cortical radiations. Especially striking ability to follow higher 
frequencies was exhibited by responses recorded from the anterior sigmoid gyms 
to stimulation in N. ventralis pars arcuata. In several instances the deflections 
recorded in the latter part of the series bore a striking resemblance to a series 
of sine waves, an effect presumably due to temporal dispersion. No lower limit 
may be assigned for the latency of the phenomenon as the apparatus at hand was 
not suitable for accurate determinations, but gross latencies as long as 3 to 4 msec, 
for the positive and up to 8 msec, for the negative deflections have beeii encoun- 
tered. In general these times were shorter, the more rostral was the situation 
of the stimulation points. 

Aside from the fact that the negativity tended to be marked over wider areas 
than was the initial positive deflection, no clear separation has been made 
between these two phenomena on the basis of thalamic topography. Other 
evidence that the two phases of the somewhat similar callosal response of Curtis 
are separable is, however, available (Curtis, 1940). The marked differences 
in the ability to follow frequency of the two elements (cf . fig. 1) suggest that the 
negativity is due to cortical elements separated by at least one synapse from 
those responsible for the initial deflection. 

2. Localization of these responses in sensory and motor regions. Marshall, 
Woolsey and Bard (1941) have roughly delimited the cortical area responsive 
to tactile stimulation as extending from the medial surface of the hemisphere 
caudal to the cruciate sulcus up over the postcruciate region and including the 
anterior suprasylvian and ectosylvian gyri. Data derived from threshold stimu- 
lation of the sciatic and radial nerves in the present experiments coincide closel}'’ 
ndth their findings. 

Primary potentials occurred in these sensory areas when the thalamic and 
midbrain regions closely corresponding to the position of the medial lemniscus 
and of N. ventralis pars externa were stimulated (fig. 2). Stimulation of other 
regions failed to produce the responses in the sensory cortex. 

One qualification of the foregoing generalization is necessary. Stimulation 
of pars arcuata sometimes produced significant activity near the electrode on 
the cortical projection of the sciatic nerve. This area occupies what amounts 
to a narrow peninsula of granular cortex extending into regions which histo- 
logically and physiologically are “motor” in t 3 ’-pe. Various considerations 
render it very likely that the potentials recorded here in response to activation 
of pars arcuata arise not in sensor 3 ’' areas but in the surrounding “agranular” 
regions. 1. The monopolar method increased the potentials recorded, while 
bipolar records decreased them in comparison with the responses set up b 3 ^ 
sciatic or pars externa stimulation (figs. 3 and 4). 2. Stimulation of the latter 
structures almost never produced potentials anterior to the cruciate sulcus when 
producing their effects in the leg area, whereas activation of pars arcuata alwa 3 'S 
did. 3. The potential produced b 3 ’' pars externa “blocked” with sciatic stimu- 
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Mion (see Dempsey and Morison, 1942, fig. 3). whereas that from pars areuata 
did not (fig. 3). 4. Careful removal of adjommg motor areas from the leg 




Fig. 2. Sections of the diencephalon taken from Ranson and Ingram (1932) with thalamic 
points yielding cortical responses plotted upon them as follows; Primary responses; in 
anterior sigmoid gyri, solid squares; in sciatic cortical projection, hollow squares; in radial 
projection, hollow circles; laterally on coronal gyrus, hollow triangles. The "recruiting 
response” (see text) solid circles. 


sensory area (one experiment) abolished the activity produced by stimulation 
of pars areuata while leaving the sciatic response unaffected. 
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These considerations make it almost certain that the primary projection of 
pars externa is discrete from that of pars arcuata, the former being the sensory 
and the latter the motor, and probably the so-called “premotor” regions, al- 
though the latter differentiation is not easily made in the cat. Nevertheless, 
in making the diagram (fig. 2) all thalamic points which gave significant poten- 
tials in the region of the electrode placed over the cortical sensory projection of 
the sciatic nerve have been included unless proven spurious in the course of 



Fig. 3. Record taken from a monopolar lead on the sciatic cortical projection. A, re- 
sponse to sciatic stimulation. B, response to stimulation of pars arcuata at 20 per sec. 
C, D and E, interaction of the two stimuli at various intervals. Note absence of block; 
if anything the negative phases tend to sum. 



Fig. 4. Bipolar records of the responses in figure 3. Note the e.xtreme reduction of the 
pars arcuata response. 

the same experiment. Similar difficulties were not so severe when dealing with 
the cortical representation of the radial nerve, except that points near the medial 
tip of externa frequently jdelded potentials on both motor and sensory regions. 
Since stimulation more medially gave responses purely in “motor” regions, 
wffiile those more laterally gave purely “sensorj'^” effects, this confusion w^as 
not serious (see fig. 2, especially C and D). 

Localization of arm and leg areas within pars externa cannot be definitely 
established on the basis of these experiments. In the course of any single experi- 
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ment, shifting the stimulating electrodes by as little as 1 mm. in the thalamus 
caused a change in pattern of the cortical response. In general the more medial 
the thalamic stimulation the more lateral was the major cortical activity. WTien 
all the points were plotted together, however, the discreteness of the thalamic 
points tended to disappear (fig. 2). Undoubtedly afferents to the lateral part 
of the nucleus traverse more medial regions and medial radiations pass laterally 
to the capsule so that activation cannot be very discrete. Nevertheless, the 
most active region for producing responses in the cortical projection of the sciatic 
seemed to lie quite definitely in a I’estricted region at the ventral tip of extei’na 
underneath the anterior part of the lateral geniculate body (cf. the open squares 
in fig. 2, C and D). Points most active for the radial nerve projection on the 
coronal gyrus’ laj’’ in general more medially in the thalamus. 

Stimulation of the posterior part of pars arcuata (fig. 2, B and C), when pro- 
ductive of a recordable response under our experimental conditions, usually gave 
effects on the anterior sigmoid electrodes, and in many cases most markedly so 
in lateral positions. Whether this represented activation of the face sensoiy 
area said to extend to the ventral tip of coronal sulcus (Waller, 1940), or a motor 
area lying nearer the electrode, cannot be determined from these experiments 
as the point was not sufficiently investigated. In the latter and more likelj’- 
case, stimulation of fibers of the brachium conjunctivum would presumablj' be 
responsible, since more ventral stimulation near this region in pars arcuata were 
shown to have such effects (fig. 2). 

3. Primary responses in other regions. No detailed examination of primary 
responses in regions other than sensory and motor cortex were made, but inci- 
dental observations which demonstrate the generality of the phenomenon ma 3 ’^ 
be mentioned. Stimulation in the region of the geniculate bodies gave rise to 
responses in various parts of the auditory and visual cortices with a discreteness 
wdiich suggests that the method wmuld provide a tool for those interested in 
geniculocortical relationships fully as accurate as the methods heretofore 
emplo3'’ed. 

More interesting perhaps is the fact that similar potentials have been recorded 
in cortical regions referred to as “association areas.” These effects, in the cat 
at least, appear to be rarer or at least more difficult to obtain than are the 
responses of primary projection areas. Nevertheless, the gyms proreus fre- 
quently exhibited primary responses w'hen the electrodes were in or near N. 
medialis dorsalis. Owing to obrdous technical difficulties it was not always easy 
to be sure that the records were not due to electrical spread from motor regions. 
A fui thei difficulty laj’^ in the fact that the records wei’e necessarilj’’ complicated 
bj'^ the later recruiting” response (see belowO. A sufficient number of cases 
exists in which the stimulating electrode was situated as far as possible from pars 
arcuata and the recorded potential though visible over a part of the anterior 
sigmoid increased markedly as the electrode approached, to allows one to assert 

that the primary response recorded was indeed due to activation of the asso- 
ciation area. 

In three out of four experiments in which specific search was made, localized 
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responses were also recorded in the middle suprasylvian gyrus when the stimu- 
lated points were in the region of lateralis posterior and pulvmar, but not else- 
where in the thalamus. 

B. The “Recruiting Response.” 1. General description. In contrast to the 
well-localized tj’^pe of “primary” responses described above, an effect of an 
entirely different character was produced by stimulation of a rather diffuse area 
in the region of the internal medullary lamina (fig. 2). A detailed description 
of its properties and evidence that it has much in common with one feature of 
the spontaneous rhjdhm observed in nembutalized cats are given elsewhere 
(Dempsey and Morison, 1942a and b). 

For the purposes of the present report it is sufficient to say that it rarely 
appears significantly in response to a single shock, but recruits rapidly at a 
critical frequency of from 5 to 15 per sec. This property has given rise to the 
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Fig. 5. Cortical responses of anterior sigmoid gyrus (monopolar recording) to stimula- 
tion in region of solid circles as shown in figure 2B. A, B and C, successive stimuli at a 
frequency of 8 ‘per sec. Note recruitment and long latency. 

Fig. 6. Same as figure 5 except stimulus more lateral and anterior as in figure 2E. Note 
interpolation of a primary response. 

tentative appellation of “recruiting response.” The latency is very long (20 to 
35 msec.) and does not change with repetitive stimulation. The response alter- 
nates in height and disappears rapidly at frequencies in excess of 15 per sec. 
Figure 5 illustrates some of these features. The recruiting response has been 
produced routinely when the stimulating electrodes were in the neighborhood of 
the internal medullarj’- lamina and associated structures at levels B, C and D 
in figure 2 (solid circles) . (The relative scarcity of points in fig. 2C is apparently 
not significant.) 

Stimulation further posteriorly has been more capricious. Some prepara- . 
tions gave effects as far back as the posterior commissure, but these were rarely 
so dependable or so intense as those obtained from the more rostral points. 
Anterior to level D, especially in lateral positions, complexities frequently oc- 
curred in the responses as recorded near motor areas, an effect due to the appear- 
ance of “primaries” from coincident stimulation of the ventral nucleus (see fig. 6). 

In several preparations excitable areas for the recruiting response were traced 
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through the anterior pole of the thalamus, beyond the levels illustrated in 
figure 2 and laterally into the internal capsule. Aside from the frequent mixture 
with other types of response, no change in the recruiting responses was noted. 

2. Cortical distribution of the recruiting response. During the course of the 
preceding experiments upon which the thalamic map was based, it became obvi- 
ous that the recruiting response was more widely diffused over the cortex than 
were the so-called “primary” responses. Six additional experiments were car- 
ried out in which the stimulating needle was introduced into an active spot at 
about the level of figure 2 C or D and a map of cortical activity made with a 
pair of bipolar electrodes recording successively from positions separated by 
2 to 4 mm. Repeated observations with slight displacement of the electrodes 
were made at critical areas where abrupt changes occurred, especially in the 
small region of large response in the posterior suprasylvian gyrus illustrated 
in figure 7. 

The results were then evaluated largely on the basis of intensity of recorded 
response, but other characteristics such as dependability, time of recruitment 



Fig. 7. Cortical map of distribution of recruiting response, A, and of spontaneous 8 to 
12 per sec. rhythm, B; for method see text. 

and rapidity of onset of alternation were also considered. The cortical areas 
were graded on a 6-point scale and the results plotted in figure 7A where the 
intensity of stippling varies directly with the amount of “recruiting” activity 
produced. The number of experiments is not large nor the method impeccable, 
but the data were so consistent wth themselves and with various other con- 
siderations which appear later that they seem worth submitting. 

It will be seen from the figure that all parts of the readily exposable cortex 
participated in the recruiting response, but that the most striking results were 
recorded on the gyrus proreus, the middle suprasylvian, and a small triangular 
area at the lower margin of the posterior suprasylvian g 3 rrus. 

During the course of each of the experiments a similar map of the spontaneous 
bursts of 8 to 12 per sec. activity, a prominent feature of the records of nembu- 
talized cats, was made. The results are plotted in figure 7B and were found to 
be identical within the limits of the method vith those obtained from plots of 
the recruiting response (fig. 7A). 

Discussion. Attention has already been drawn (Morison, Dempsey and 
Monson, 1941b) to one item of the electrocorticogram which depends upon 
subcortical structures other than the thalamus. It should be emphasized at 
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the outset of the discussion that -the present experiments have been designed 
mth a view to “dissecting” in so far as possible the electrical activity of the 
cortex on the basis of its relations with the thalamus. Emphasis has been 
placed upon separating the component parts from one another and describing 
the conditions under which this separation may be effected. 

Emphasis on the separability of the phenomena does not necessaril}’’, however, 
deny the possibility of interaction. Indeed, it is hoped that, once adequate 
control of the discrete phenomena is established, further work towards knowl- 
edge of their integration may be facilitated. 

The experiments in section A appear to demonstrate that the cortical areas 
designated as sensory on other grounds, histological (cf. Kappers, Huber and 
Crosby, 1936, for references), and ph 5 fsiological (Marshall, Woolsey and Bard, 
1941) may be shovm to exhibit electrical activity of a specific sort when other 
cortical areas are silent. Acti^’•ity, at least in regard to arm and leg areas, ma}’’ 
be set up by localized stimulation in the region of N. ventralis pars externa in 
cats under moderate to deep nembutal anesthesia. This is thoroughly con- 
sistent with the knowledge that the medial lemniscus ends in this nucleus (Ran- 
son and Ingram, 1932) which in turn projects to the sensory cortex (cf. Waller, 
1940, and others). 

Similarly stimulation along the course of the fibers of the brachium conjunc- 
tivum and its relaj’ nuclei more anteriorly yielded effects anterior to the sensorj’’ 
cortex in motor or “premotor” regions (fig. 2). Whether or not the anterior 
active region is to be thought of as an anterior extension of pars arcuata (Ingram, 
Hannett and Ranson, 1932) or a postei-ior extension of ventralis anterior is a 
question better left to others (cf. Waller, 1940, for references) . We have adopted 
the former nomenclature since the figures of Ranson and Ingram were used as 
a basis for figure 2 in this paper in order to form a readj'^ comparison with the 
course of the brachium conjunctivum in their illustrations. As to the projection^ 
of the posterior part of pars arcuata and especiallj^ its lateral extension dorsal 
to externa little ma 3 ’' be said on the basis of these experiments (see fig. 2) . Pre- 
sumabh' it represents cortical face areas insufficiently explored in the -present 
experiments. 

As is well known, the experiments of Dusser de Barenne and others (cf . Dusser 
de Barenne and McCulloch for references, 1938) have established functional 
boimdaries between face, arm and leg areas, a distinction in which the present 
experiments have been less successful for reasons connected with the electrical 
method of stimulation (cf. section A 2). On the other hand, separation of motor 
from sensor 3 ’' s 3 ’^stems is clearer vith the electrical than Mth the sti^mhnine 
method. The readiest explanation for the more widespread effects of strychnine 
is found in the assumption that the maximal stimulation of nuclear structures 
b 3 ^ the drug opens circuits between motor and sensory areas not activated b}" 
localized electrical cirrrents. It is obvious on other grounds that such connec- 
tions must exist since it is a commonplace of ’general experience that sensor 3 '^ 
phenomena modif 3 ’' motor activity and %nce versa. Four possibilities for such 
interaction may be mentioned: 1, the thalamic nuclei ma 3 ’- send primar 3 ’^ projec- 
tion fibers to more than one cortical area. This possibility is unlikeb’’ on the 
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basis of anatomical evidence, principally the method of retrograde degeneration, 
2, projection fibers of another sort (cf. fig. 63, Lorente de No in Fulton s Physi- 
ology, p. 302, and personal communication) may be sent to adjacent cortical 
areas; 3, intrathalamic fibers may connect the various relay nuclei; 4, cortico- 
cortical fibers may be responsible. Evidence that the last of these possibilities 
plays a significant role is found in the many experiments of Dusser de Barenne, 
McCulloch and others who have demonstrated nddespread corticocortical con- 
nections between the primar}'- sensory projection centers and adjacent areas 
oi’dinaiily defined as motor or associative. 

The limited experiments on other thalamo-cortical projection systems add 
ph 3 fsiological eiddence to the conclusions of many anatomists (cf. Walker, 1938, 
and Gerebetzoff, 1937, for references) that each cortical area has specific connec- 
tions from appropriate thalamic nuclei. They also serve to generalize the 
“primary” cortical response as appljdng not only to the sensory projection areas, 
but to secondary “association” regions as well. 

The “recruiting” response is much more difficult to correlate with available 
anatomical and physiological information. Its widespread occurrence in re- 
sponse to localized stimuli suggests three anatomical possibilities: 1, that the 
thalamic area stimulated radiates to a localized cortical area whence activity 
spreads throughout the cortex; 2, that the active thalamic area connects directlj’- 
to the other thalamocortical projection s 3 '^stems described above and throws 
them into the special form of activity represented b 3 ’^ the recruiting response; 
3, that there is a separate neuronal system involving medial thalamic areas 
which is responsible for the effects. Reasons are advanced in accompan 3 dng 
papers (Dempse 3 ’’ and Morison, 1942a and b) for believing that the first two 
possibilities are both unlikely. The very long latency and striking temporal 
summation or recmitment which the response exhibits suggest a diffuse multi- 
neuronal S 3 \stem, which can be driven or at least s 3 mchronized from a relative^'- 
small thalamic region. The similarity in distribution (section B, fig. 7) of the 
intensity of this response to that of one of the characteristic elements of the 
spontaneous electrocorticogram suggests that the anatomical substrate of the 
two phenomena is similar, a conclusion strongly reinforced b 3 ’- other evidence 
(Dempsey and INIorison, 1942a). Particularly interesting is the apparent con- 
centration of effects in the gyms proreus, middle supras 3 dvian and a small area 
in the occipital region, the first two of which at least are well recognized associa- 
tion areas. When one examines the anatomical possibilities available, a sugges- 
tion of Lorente de No concerning the non-specific thalamocortical fibers (loc. cit.) 
is the most helpful. His conception (personal communication) is that various 
thalamic cell groups not ordinarily thought of as projection nuclei send fibers 
to the cortex which make more diffuse connections than do the specific projec- 
tion fibeis, and ma 3 ’' be especialty rich in association areas. In his opinion some 
of these nuclear stractures might well be activated in the medial and intralaminar 
regions, stimulation of which produces the response (fig. 2). It may be pointed 
out that N. centralis lateralis and the centre median, much of which is included 
m the active area, have not been found to have specific cortical projections. On 
the other hand, parts of both have frequently been reported to degenerate in a 
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variety of cortical lesions, and total degeneration in animals entirely deprived 
of neocortex has been observed (cf . Waller, 1940, for references) . These observa- 
tions would fit with the diffuse sort of connections necessary for the present 
purposes. 


STOIMABT 

1. In cats under moderate or deep nembutal anesthesia thalamic stimulation 
gave rise after a short latency to a localized response consisting of an initial 
positive deflection followed by varying amounts of negativity which followed 
frequencies up to 120 per sec. (fig. 1). 

2. Stimulation of- the medial lemniscus, its relay nucleus or the radiations 
therefrom produced major effects in the sensory cortex (fig. 2). 

3. Stimulation of the brachium conjunctivum, its relay nucleus or radiations 
produced major effects in motor or “premotor” areas (fig. 2). 

4. Other experiments are noted which suggest that similar primary responses 
may be produced in any part of the cortex receiving thalamic fibers by stimula- 
tion of the appropriate nuclear regions. 

5. An entirely different sort of response with special properties (Dempsey 
and Morison, 1942a) was produced by stimulation in the neighborhood of the 
internal medullaiy lamina (figs. 2 and 5). 

6. Stimulation anywhere in the active thalamic area produced the phenomenon 
in all the cortex explored, but the intensity of the response varied in different 
areas (fig. 7A), and its distribution coincided with the intensity of spontaneous 
activity (fig. 7B). 

7. These obser\’’ations are discussed and found to support the idea that there 
exist between thalamus and cortex at least two systems, with very different 
physiological properties: a, the weU-known specific projection system -ivith a 
more or less point to point arrangement; b, a secondary “non-specific” system 
with diffuse connections. 

8. The relation of the latter to one element of the spontaneous cortical rhythm 
is suggested. 
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During the course of experiments designed to determine the cortical repre- 
sentation of localized thalamic regions, it was observed that stimulation at a 
frequency of 5 to 15 per second was followed by a recruiting cortical response 
when the stimulating electrodes were placed in the region of the midline nuclei 
(Morison and Dempsey, 1942). Moreover, single stimuli delivered to this area 
frequently produced a train of cortical potentials lasting a few seconds. These 
trains of spikes were strikingly like the recurrent spontaneous bursts which are 
seen in the electrocorticograms of animals anesthetized with barbiturates (Derby- 
shire, Rempel, Forbes and Lambert, 1936). In view of this similarity to a 
component of the normal spontaneous activity, it was thought advisable to 
studj’’ the effects of stimulation of the medial thalamic nuclei in more detail. 
The following sections deal vith the results of such a study. 

Material AND METHODS. Cats were used. The methods employed have been 
discussed elsewhere (Morison and Dempsey, 1942) and need not be repeated. 

Results. A. Description of recruiting response. In cats under relatively 
deep nembutal anesthesia, in which spontaneous bursts of 8 to 12 per sec. cortical 
potentials were relatively rare, a slow series of electrical stimuli applied to the 
dorsomedial regions of the thalamus was followed by recruiting potentials which 
were uddespread in the cortex. The first shock of a series usually produced no 
response, but folloMng the second or third a cortical potential developed which 
on successive stimulation increased rapidly in magnitude until a maxirmun was 
reached after the fifth or sixth shock. Figure 1 illustrates this recruitment 
response in an experiment in which the spontaneous 8 to 12 per sec. bursts had 
been almost abolished by deep nembutal anesthesia. These potentials bore a 
remarkable superficial resemblance to the spontaneously generated bursts of 
8 to 12 per sec. activity (fig. 2). 

The recruited potential usually was monophasic and surface negative. After 
recruitment to its greatest height, however, it sometimes became diphasic with 
a positive component following the initial negativity. Diphasicity was more 
frequently encountered in lightly anesthetized preparations. The electrical 
polarity was not, however, completely constant. Recruited potentials of oppo- 
site signs were sometimes recorded from different cortical regions. 

The latency of the recruited response was long, vaiq^ing in different experi- 
ments between 20 and 35 msec. In any single experiment the latency was less 
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Fig. 1. Monopolar recording, anterior sigmoid gyrus. A , recruited potentials developed 
after S per sec. stimulation. B, five shocks after the end of record A. Alternation has 
begun, although the largest responses are full-sized. C, after 12 per sec. stimulation, 
alternation of the response is complete. Time intervals in this and succeeding records are 
10 msec, unless otherwise noted. 



Fig. 2. Bipolar recording, anterior sigmoid gyrus. Similarity of spontaneous and re- 
cruited potentials. A, beginning of spontaneous burst. B, responses to first three shocks 
of recruiting stimulus. 

The voltage of the recruited potential was always large. In several experi- 
ments potentials of more than a millivolt were recorded. Careful attention was 
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not given in this study to absolute voltage, since it has been our experience that 
the magnitude of cortical potentials is markedly altered by the position, contact 
and orientation of the recording electrodes. These factors are not easily subject 
to complete control during the course of any single experiment, and it is therefore 
considered advisable to specify only the general order of magnitude of the 
potential. 

The wave form was not always as simple as in the responses illustrated in 
figures 1 and 2. Frequently responses were recorded which showed earlier 
deflections. For reasons advanced elsewhere however (Morison and Dempsey, 
loc. cit.), it is suggested that the short latency responses were produced by inci- 
dental stimulation of other thalamic structures. 

B. Regions from which recruitment response was recorded. Stimulation of the 
dorsomedial thalamic regions led to the appearance of the recniited potentials 
in essentially all regions of the homolateral cortex. The responses were espe- 
cially large and simple in form in the gyms proreus, the anterior sigmoid gyrus 
and in the middle and posterior suprasylvian gyri. The effects also were present, 
although smaller and more complex, in the leg, arm and face sensory divisions 
of the posterior sigmoid gyrus. The visual and auditory cortex produced veiy 
poor recruited potentials. A diagrammatic representation of the magnitude 
of the responses in various cortical regions is presented by hlorison and Demp- 
sey (1942, fig. 6). 

C. Regions from which recruited response was induced. Recruited potentials 
have been observed whenever stimulating electrodes were placed in the medial 
thalamic nuclei near the internal medullary lamina at all levels from the posterior 
commissure to the anterior tubercle of the thalamus, and also when stimuli 
were applied to the internal capsule. The localization of the regions from which 
the response may be induced has been discussed elsewhere (Morison and Demp- 
sey, 1942). It is, however, pertinent to remark here that the latenc}" of the 
response was essentially unchanged whether the stimuli were applied far back 
in the thalamus or far forward in the internal capsule. Moreover, responses 
were recorded in all regions of the cortex after stimulation of either posterior 
or anterior thalamic regions. 

D. Effects of frequency of siimxdation. In cats under fairlj'^ deep anesthesia 
no response was produced by single shocks or by a series at a frequency slower 
than about 2 per sec. Slightly faster frequencies led to the rapid recruitment 
described in section A. This reciTiitment was most rapid ivhen the stimulus 
frequency was 5 to 10 per sec. 

At these frequencies the effect followed the stimulus accurately for 2 or 3 
seconds and then declined, occasionally to zero. If the stimulus were continued 
at the same frequency, a few seconds later reciTiitment again occurred. When 
the stimulation was continued for long periods, the periodic recruitment and 
de-recruitment occurred at longer and longer intervals until finally after several 
minutes, it failed completely. 


Slightly faster stimulus frequencies (10 to 15 per sec.) usually produced a 
few responses, after which alternation began. The responses during the period 
of alternation were full sized. Decline of the potentials was more severe and 
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occurred somewhat sooner than when a slower stimulus frequency was employed. 
Moreover, a longer time elapsed before a second period of recruitment occurred. 

Still faster frequencies (20 to 120 per sec.) caused a complete disappearance 
of the response. At 20 per sec. a few responses occasional^’' were observed, but 
even these underwent severe alternation from the start. 

In more lightly anesthetized cats, medial thalamic stimulation produced bursts 
of activity which appeared identical to the spontaneous 8 to 12 per sec. bursts 
which characterize the electrocorticogram after nembutal anesthesia. A single 
shock frequently caused no immediate response, but after 100 to 150 msec, a 
train of cortical potentials developed at a frequency of 8 to 12 per sec. This 
induced burst usuallj’’ lasted two or three seconds. When a second shock was 
delivered at the end of the induced burst, a second train of potentials was de- 
veloped which was identical with the first except that it usually did not last so 
long. When this procedui'e was repeatedly carried out, a waning of the effect 



Fig. 3. Bipolar recording, anterior sigmoid gyrus. Variation in recruited response to 
single shock. See text for detail. A, during quiet period between spontaneous bursts. 
B, during beginning of burst. C, toward end of burst. 

occurred until the burst failed to appear after the fourth or fifth shock. It 
could be induced at this time, however, if two or three successive shocks were 
applied at a frequency of 3 to 5 per sec. 

In contradistinction to the situation in more deeply anesthetized preparations, 
a single shock sometimes produced a response in the animals in which spontaneous 
bursts were common. Moreover, the phase of the periodic spontaneous bursts 
at which the shock was delivered seemed to determine whether or not a response ' 
developed. Fairly large potentials were developed when the shock was delivered 
just preceding or during the beginning of a spontaneous burst. Toward the 
end of the burst, the potential generated was smaller. During the silent period 
following a burst, the responses were either very small or not deteetable. Fig- 
ure 3 shows the responses to three single shocks delivered at different phases of 
spontaneous activit 3 ’. 

A series of stimuli delivered at a slow frequencj’ in lightty anesthetized animals 
usuallj’ led to the generation of cortical potentials which bore no constant tern- 
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poral relationship to the stimuli. This was particularb^ true if the stimulus 
f requeue j’' was slightly slower than the frequenej'^ of the burst induced by single 
shocks. Stimulus frequencies slightlj’’ faster than the burst frequency, however, 
were followed by recruiting responses whose latencies were constant. 

When a continuous series of stimuli at a frequencj’’ of 5 to 15 per sec. was 
delivered to lightlj'’ anesthetized animals, a periodic waxing and waning of the 
recruited responses occurred, replacing the spontaneous activity (fig. 4). The 
interval between these periods of recruitment was short at first, but became 


A 
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Fig. 4. Bipolar recording, middle suprasylvian gj'rus. A, spontaneous 8 to 12 per sec. 
bursts. B, continuous stimulus to intralaminar thalamus at frequency shown bj' signal. 
Note the waxing and waning of the recruited response. Paper speed, 7.5 mm. per sec. 


Fig. 5. Bipolar recording, anterior sigmoid gju-iis. Abolition of i-ecruited and spon- 
taneous potentials during high frequency stimulation. A, spontaneous bursts. B, begin- 
ning of 60 per sec. stimulus to intralaminar thalamus indicated at arrow. Between B and 
C one minute of record has been removed. C, end of 60 per sec. stimulation indicated at 
arrow. Note the prompt return of spontaneous activity. Paper speed, 7.5 mm. per sec. 

longer and longer as the length of stimulation was increased. After cessation 
of stimulation, spontaneous bursts reappeared immediatel}^ 

At faster stimulus frequencies (20 to 120 per sec.) the recruited potentials 
failed to appear in the cortex, and, in addition, the spontaneous bursts of activity 
also were abolished. The spontaneous bursts reappeared promptly upon cessa- 
tion of stimulation (fig. 5). 

E. Independence of cortical areas in the prodnetion of recruited and spontaneous 
potcnliah. The appearance of recruited potentials in essentially all parts of 
the cortex after stimulation of localized medial thalamic regions raises the 
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question of whether the thalamocortical fibers distribute to all parts of the 
coi’tex, or whether they project to a localized area which in turn is connnected 
via intracortical elements with other cortical areas. The folloudng experiments 
were designed to elucidate this question. The cortex posterior to the anterior 
suprasylvian fissure was excised, leaving intact the frontal cortex and its tha- 
lamic connections. After this procedure, thalamic stimulation was followed by 
recruited potentials in the remaining cortex. Moreover, spontaneous bursts 
also were recorded from this isolated piece of frontal cortex. Conversely, in 
other experiments the frontal cortex was removed from approximately the same 
level forward, leaving intact the posterior cortex and its thalamic connections. 
This procedure did not alDolish the spontaneous burst, and thalamic stimulation 
was followed by recruited potentials. Finally, in a last type of experiment, a 
piece of suprasjdvian cortex approximately 1 cm. square was isolated except for 
its thalamic connections by careful removal of all other cortex in that hemisphere. 
Even follovdng this radical procedure, spontaneous bursts and recruited poten- 
tials were recorded (fig. 6). 



Fig. 6. Bipolar recording, anterior suprasylvian gj'rus after removal of surrounding 
cortex (see text). A, spontaneous potentials. B, recruited potentials. C, potentials re- 
maining at end of series, corresponding to the period of waning response shown in figure 4. 

DisctjSSIok. a close parallelism in behavior between the spontaneous 8 to 
12 per sec. periodic activity and the recruited response is apparent from the 
data presented in the foregoing sections. The spontaneous bursts ma}'’ be de- 
scribed as spindles, building up gradually to maximum size and then declining 
prog^essivel 3 ^ Similarlj^ the recmited response increases in size on repeated 
evocation and later gradually disappears when a continuous series of stimuli is 
applied (fig. 4). A similaritj’’ also obtains between the two in regard to their 
cortical distribution. Both are of high voltage and relative^’’ simple appearance 
in the proreus, anterior sigmoid, and middle and posterior suprasjdvian g}"!’!, 
and both are of relative^" small voltage and complex appearance in the primary 
sensory^ regions located in the posterior sigmoid, posterior marginal and medial 
ectos^dvian gjad (cf. fig. 6, Morison and Dempsej'’, 1942). Furthermore, both 
recmited and spontaneous potentials behave alike in that thej" both appear in 
small remnants of cortex isolated except for their thalamic connections (fig. 6)- 

With regard to frequencj', it is noteworthj" that stimuli applied at a rate slower 
than the 8 to 12 per sec. frequencj^ of the spontaneous burst usuallj'’ set up a 
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train of cortical potentials at this frequency, with the result that the stimuli 
fall in random fashion among these potentials. On the other hand, stimuli 
applied at a rate markedly exceeding that of the spontaneous potentials leads 
to a complete breakdown of both the recruited and spontaneous bursts (fig. 5). 
Between these two extremes lies a band in which the recruited potentials may 
be driven accurately at frequencies only slightly greater than those of the spon- 
taneous bursts (fig. 6). 

Although the frequency of the potentials cannot be increased markedly 
above that of the spontaneous burst, it is possible to shorten the period 
between the bursts themselves. Practically continuous bursts are produced 
when a few shocks are delivered whenever the spontaneous burst shows 
signs of failure. Similarly,, whenever a continuous series of stimuli is deliv- 
ered at an appropriate frequency a periodic waxing and waning of the re- 
cruited response occurs just as there is a periodic appearance and disappearance 
of the spontaneous bursts (fig. 4) . Moreover, the size of the spontaneous poten- 
tial evoked by a single shock beai’s a relation to the phase of spontaneous activity 
present at the time of the stimulus (fig. 3). 

Stimulation at a rapid rate not only fails to evoke the recruited potentials, 
but also the spontaneous bursts fail to appear. Whatever the mechanism of 
this effect, it is not due to any durable change produced by excessive stimulation 
as is shown by the prompt reappearance of spontaneous activity when the 
stimulation is stopped (fig. 5). This characteristic serves to distinguish sharply 
between recruiting and primary responses as the latter can follow frequencies 
up to 120 per sec. (Morison and Dempsey, 1942). Lastly, it has been shown 
elsewhere that the recruited potential cannot be superimposed upon a maximal 
spontaneous potential, and that the simultaneous presence of a small spon- 
taneous potential markedly reduces the size of the recruited effect (Dempsey 
and Morison, 1942). In other words, the two potentials cannot simultaneously 
coexist, but are blocked, one by the other. It seems justified, because of the 
above considerations, to regard the recruited and spontaneous potentials as 
identical. 


CONCLUSIONS 

Stimulation of medial thalamic regions with a slow frequencj’’ series of elec- 
trical shocks sets up a recruiting potential of 20 to 35 msec. latency, which is 
widespread in the cerebral cortex (figs. 1, 2 and 3). This recruiting response 
is similar to the spontaneous 8 to 12 per sec. potentials in the following respects. 

1. The distribution and magnitude of the two potentials are similar (fig. 3j 
see also fig. 6, Morison and Dempsey, 1942). 

2. The recruiting potentials follow accurately at stimulus frequencies near 
those of the spontaneous 8 to 12 per sec. activity (p. 297) . At slower frequencies, 
trains of 8 to 12 per sec. activity appear which are out of phase with the stimuli 
(p. 296). Faster stimulus frequencies cause a breakdown of the recruited poten- 
tial and an abolition of the spontaneous potentials during the period of stimula- 
tion (fig. 5, p. 296). 
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3. The size of the initial recruiting effect is related to the phase of the spon- 
taneous burst at which it is induced (fig. 3, p. 296). 

4. Long continued stimulation at appropriate rates leads to a periodic recruit- 
ment and de-recruitment similar to the waxing and waning of the spontaneous 
bursts (fig. 4, p. 297). 

6. Both spontaneous and recruited potentials can be recorded from areas of 
cortex isolated except for their thalamic connections. Neither effect depends, 
therefore, upon long intracortical connections (fig. 6, p. 298). 

6. Recruited and spontaneous potentials show essential similarities in behavior 
when the interaction of various cortical responses is studied (p. 299, see also 
Dempsey and Morison, 1942). 

Because of the above considerations it is suggested that the recruited and the 
spontaneous 8 to 12 per sec. potentials are identical. 

REFERENCES 

Dempsey, E. W. a^d R. S. Morison. This Journal 136: 301, 1942. 

Derbyshire, A. J., B. Rejipel, A. Forbes and E. F. Lambert.. This Journal 116: 577, 
1936. , 

Morison, R. S. and E. W. Dempsey. This Journal 135: 281, 1942. 



THE INTERACTION OF CERTAIN SPONTANEOUS AND INDUCED 

CORTICAL POTENTIALS 


EDWARD W. DEMPSEY and ROBERT S. MORISON 
From the Departments of Physiology and Anatomy, Harvard Medical School 

Accepted for publication October 10, 1941 

It has recently been sho\m that thalamic stimulation gives rise to widespread 
cortical responses whose appearance and general behavior are similar to those 
of the 8 to 12 per sec. bursts of activity which are the most striking characteristic 
of the spontaneous electrocorticogram (Dempsey and Morison, 1942). Further 
investigation revealed that these potentials could be induced by stimuli applied 
to the dorsomedial thalamus, while activation of other thalamic regions was 
followed by different types of cortical responses (Morison and Dempsey, 1942). 

The finding that medial thalamic regions were involved in the production of 
cortical potentials was surprising, since the cortical connections of the intra- 
laminar nuclei are not well established (Walker, 1938). Furthermore, Dusser 
de Barenne and iN'IcCulloch (1938) showed that local strychninization of the 
sensoiy cortex led to increased activity in the corresponding part of the ventro- 
lateral thalamic nucleus, and vice versa. It is, of course, well known that the 
medial lemniscus and spinothalamic fibers end in this nucleus, and that it 
projects specificall}’- to the sensory cortex. For these and other reasons, Dusser 
de Barenne and IMcCulloch (1938a and b) suggested that the spontaneous elec- 
trocorticogram results from activity in reverberating circuits between cortical 
areas and the thalamic nuclei which project to them. 

The stimulation experiments mentioned above indicate that the thalamic 
representation of the 8 to 12 per sec. activit 3 '^ is in the medial thalamus, rather 
than in the nuclei which project specificalty to the cortex. It has been at- 
tempted, therefore, to clarify’- this point hy an investigation of the interaction 
between spontaneous potentials and potentials induced by activation of various 
thalamic regions. 

Material and methods. Cats, anesthetized unth nembutal (0.7 cc. per 
kgm.) were used. In some experiments deeper anesthesia was required to 
increase the interval between periodic spontaneous bursts, and in these in- 
stances additional nembutal was given intravenouslj’^. 

The electrical responses of the cortex were led off through bipolar silver-silver 
chloride electrodes whose separation distance was about 1 mm. Amplification, 
recording and stimulation were the same as employed in studjmg the charac- 
teristics of the cortical recruited potential described elsewhere (Dempsey and 
hlorison, 1942) and need not be repeated here. ' 

The general procedure employed was to set up a potential in a given cortical 
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region by stimulation of the thalamus or a peripheral nerve. The size of this 
potential when induced during a quiet period was compared with its size when 
superimposed upon spontaneous potentials. Similarly, in other experiments, 
two potentials, set up by stimuli delivered at two different places, were induced 
simultaneously and the presence or absence of block was noted. 

Results. A. Interaction of sensory and spontaneous potentials. Stimulation 
of a peripheral nerve leads to the appearance of a potential which is localized 
in the part of the sensory cortex corresponding to the bodily distribution of the 
stimulated nerve (Marshall, Woolsey and Bard, 1937; Forbes and Morison, 



Fig. 1. Bipolar recording, sciatic cortical projection. A, two spontaneous potentials 
developed during a burst of 8 to 12 per sec. activity, B, cortical response induced by a 
single shock applied to the sciatic nerve. C, D, E, F, G and H, sciatic responses super- 
imposed without block upon various phases of the spontaneous potentials. Time inter- 
vals, 17 msec. 

1939; Dempsey, Morison and Morison, 1941). In lightly anesthetized or con- 
scious monkeys, this response ordinarily appears during any degree of spontane- 
ous activity, but occasionally block occurs (Marshall, Woolsey and Bard, 1941). 

In cats under nembutal anesthesia it was observed that a single shock applied 
to the sciatic or radial nerve induced a potential in the corresponding cortical 
area regardless of the presence or absence of spontaneous 8 to 12 per sec. ac- 
tivit 3 L Likewise, application of a series of stimuli to the nerve during a burst 
of activity produced as large cortical responses as when the series began during 
the silent period. Furthermore, the sensory responses could be superimposed 
upon the spontaneous potentials in all phases (fig. 1). 
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B. Interaction of sensory and recruited 'potentials. It has been shown else- 
where (Morison and Dempsey, 1942; Dempsey and Morison, 1942) that stimu- 
lation of medial thalamic regions gives rise to recruiting cortical responses which 
on the basis of appearance, behavior and distribution are markedly like the spon- 
taneous potentials. A further similarity became apparent when the interaction 
between the recmited potential and the sensory response was studied. Since 
the magnitude of the recruited response depends upon the number and fre- 
quency of preceding stimuli used to evoke it, the experiment was performed in 
the following manner. A series of stimuli at a frequencj*- of 4 or 5 per sec. was 
applied to the thalamus. Under these conditions it was determined that the 
maximal recruited potential usually followed either the third or fourth shock. 
After this had been determined, the series was repeated, and, in addition, a 
single shock was delivered to the sensory nerve at various intervals before and 



Fig. 2. Bipolar recording, radial cortical projection. A, recruitment response after 
stimulation of intralaminar thalamus (see text for detail of experiment). B, cortical 
response induced by stimulation of radial nerve. C, D and E, radial responses superim- 
posed without block upon various phases of the recruited potentials. Time intervals, 10 
msec. 

after the thalamic stimulus evoking the maximal recruited potential. Figure 2 
is the record of such an experiment, and shows that the sensory response may be 
superimposed upon any phase of the recruited potential. 

C. Interaction of sensory and thalamic “primary'^ potentials. Stimulation 
confined to the nucleus ventralis pars externa of the thalamus gives rise to a 
potential localized in the sensory cortex which is similar in appearance to, but 
shorter in latency than, the sensory response recorded after activation of a 
sensory nerve (ISIorison and Dempsey, 1942). That this potential induced by 
thalamic stimulation is indeed the same as that induced by sensory nerve 
stimulation is shown by the following experiment. Stimulating electrodes were 
inserted into the ventrolateral nucleus and a potential localized to the leg sen- 
sory cortex was recorded after the application of a single shock (fig. 3B) . Stimu- 
lation of the sciatic nerve likevdse produced a cortical response whose appear- 
ance was similar except for a slightly longer latency (fig. 3A). Activation of 
both thalamus and sciatic at short intervals was followed b 3 '" a single cortical 
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response, e.g., a thalamic stimulus produced a cortical response, but when the 
sciatic shock followed soon thereafter the response was almost completely 
blocked (fig. 3C). 

D. Interaction of recruited and spontaneous potentials. In lightly anesthetized 
animals a single stimulus to the medial thalamus frequently induced repetitive 
8 to 12 per sec. activity which .closely resembled a burst of spontaneous poten- 
tials. l^dien a series of stimuli was applied at a frequency slightly slower than 
the prevailing spontaneous frequency, the stimuli fell random fashion among the 
potentials of this induced burst. When this occurred, there was complete block 
of the reci-uited response. Faster stimulus frequencies (10 to 15 sec.) caused 
good recruiting potentials in such preparations. This characteristic of the re- 
cruitment effect was utilized in an attempt to superimpose the recruiting upon 



Fig. 3 Fig. 4 

Fig. 3. Bipolar recording, sciatic cortical projection. A, response to sciatic stimulation. 
B, response to stimulation of N. ventralis pars e.xterna. C, stimulation of pars externa 
followed by sciatic stimulation. Note almost complete block of the sciatic response. 
Time intervals, 10 msec. 

Fig. 4. Bipolar recording, anterior sigmoid gyrus. A, recruitment response induced by 
intralaminar thalamic stimulation. B, spontaneous potential recorded during a burst of 
S to 12 per sec. activity. C, stimulus for recruitment response delivered during the spon- 
taneous potential. Note block of the recruitment response. Time intervals. 17 msec. 

the spontaneous potential. At the beginning of a burst of 8 to 12 per sec. 
activity, a series of thalamic stimuli was delivered at a relatively rapid rate (15/ 
sec.). Since the spontaneous potentials occurred at a slight^ slower frequenc}^ 
there were occasions in which the recmiting stimuli were timed in such a fashion 
that the two potentials should have occurred simultaneousl 5 ^ Under these 
conditions one or the other was blocked. When the recruiting stimulus occurred 
sooner than the spontaneous potential, the recruitment response alone ap- 
peared. On the other hand, when the spontaneous potential appeared first, the 
recruitment potential was blocked to a degree corresponding to the size of the 
spontaneous potential. When the spontaneous potential was large, there was 
complete block of the recruiting potential (fig. 4) . ^Yhen the spontaneous wave 
was small, a recmiting response occurred, but it also was small in comparison 
to its size when induced in the absence of spontaneous potentials. 
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Discussion. The method adopted in this study depends upon the assump- 
tion that two neuronal impulses cannot simultaneously utilize the same path- 
way. If, in any two neural circuits, a common path exists at any point, activity 
in one circuit should render the common path unresponsive for the second cir- 
cuit. The line of reasoning here is the same as that employed in the concept 
of the final common path (Sherrington, 1906). 

An important corollary to the above is that any two neural potentials which 
can be induced simultaneously must result from the activitj'- of completely sep- 
arate elements. Otherwise, unresponsiveness in the common path would 
block the appearance of one of the potentials. 

The applicability of these theoretical considerations to the material at hand 
is demonstrated in section C. The pathways from peripheral nerves to sensory 
cortex, according to classical anatomj'^ and physiologj’-, relay from the medial 
lemniscus through the ventrolateral thalamic nuclei to the cortex. Activation 
of this pathway at the thalamic level leaves it unresponsive to a subsequent 
volley set up b^'^ peripheral stimulation (fig. 3). 

It should be pointed out, however, that complete block does not necessarily 
occur when two potentials both employ a common neuronal path. The sj’-stems 
dealt with here are multifibered. If, therefore, a submaximal response is evoked, 
some of the fibers ndll not be activated and a second response induced from any 
afferent to this system will find some fibers responsive. Consequently, com- 
plete block should occur only when the common pathway is maximally activated, 
while in submaximal conditions partial block or reduction in size of the response 
should occur. Block, therefore, represents merely an extreme case of fractiona- 
tion of a pathwaj’' by one of two or more states of activity. That such frac- 
tionation normally does occur is indicated by the fact that spontaneous poten- 
tials completely block the recruiting response when the spontaneous potential 
is maximal in size (fig. 4) but not otherwise (section D) . 

There is a considerable body of evidence available which indicates that spon- 
taneous cortical activity is dependent upon intact connections between the 
cortex and thalamus. Bremer (1935) found that cortical activity is not altered 
markedly by transection of the brain stem behind the thalamus. On the other 
hand, Dusser de Barenne and McCulloch (1938a) showed that the spontaneous 
electrocorticogram is abolished or abnormal after chronic cutting of the cortico- 
thalamic and thalamocortical fibers. Likewise, in unpublished experiments from 
this laboratory we have observed permanent abolition of the 8 to 12 per sec. 
activitj' after removal of the thalamus. These experiments all indicate the 
importance of the thalamus for the production of the spontaneous electrocor- 
ticogram. 

The particular thalamic regions which control spontaneous cortical activity 
are not thoroughly understood. Dusser de Barenne and McCulloch (1938a) , on 
the basis of local strychninization experiments, proposed that closed chain 
circuits exist between the sensory cortex and the sensory relay nuclei in the 
ventrolateial thalamic mass (fig. 5A), and that activity udthin these circuits 
could exjilain the spontaneous electrocorticogram. 
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The experiments reported here, however, demonstrate that spontaneous 8 to 
12 per sec. activity and the sensory responses to peripheral nerve stimulation 
can both occur simultaneously at the cortical level. This observation indicates 
that the neuronal paths concerned in the production of the two potentials are 
entirely separate, and therefore the pathway responsible for the 8 to 12 per sec. 
potentials cannot employ the neurons in the ventrolateral nucleus wliich relay 
from the great afferent systems to the cortex. Obviously, the thalamo-cortico- 
thalamic circuit (fig. 5A), proposed by Dusser de Barenne and McCulloch 
(1938a), cannot account for the spontaneous bursts of potentials observed dur- 
ing nembutal anesthesia. Indeed, the separability of these two effects has al- 

L L 




Fig. 5. A, diagram of thalamocortical relations after Dusser de Barenne and McCul- 
loch (1938a). See text for discussion. B, modified diagram showing connections, the 
evidence for which is presented herewith. 

ready been suggested by the suppression of strychnine spikes after degrees of 
anoxemia which did not abolish spontaneous activity (Dusser de Barenne, JMar- 
shall, Nims and Stone, 1941) . 

It has been shown elsewhere (Morison and Dempsey, 1942; Dempsey and 
Morison, 1942) that stimulation of medial thalamic regions induces reci’uiting 
cortical responses which are quite similar to the potentials of the 8 to 12 per 
sec. activity. Moreover, the data presented in section D show that the recruit- 
ing and spontaneous potentials cannot simultaneously co-exist, but that the 
presence of one blocks the appearance of the other (fig. 4) . Although not con- 
clusive proof, this fact argues for a common pathway serving the recruited and 
spontaneous potentials. There is, fortunately, other evidence which indicates 
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the identity of the two effects. The appearance, magnitude, distribution and 
frequency characteristics of the recruited and spontaneous responses are the 
same (Dempsey and Morison, 1942), and they show similar interactions with 
the sensory response (sections A and B, figs. 1 and 2). It seems justified, there- 
fore, to regard the recruited and the spontaneous potentials as being identical. 
Since the recruited response may be elicited from the medial thalamus, it fol- 
lows that this region is involved in the spontaneous 8 to 12 per sec. cortical 
activity. 

For the reasons cited above, it is considered that the medial thalamus sends 
fibers to the cerebral cortex which control one component of spontaneous ac- 
tivity. These connections are shomi diagrammatically in figure 5B. For con- 
venience, a single thalamocortical neuron has been represented, but the data by 
no means im ply that direct anatomical connection is essential. Indeed, the 
long latency of the recruited response suggests that several intermediate neurons 
may be involved. Furthermore, the anatomical course of the thalamo-cortical 
fibers is not clear. Several attempts have been made to separate the primarj’- 
from the recruiting response by lesions placed in the thalamic nuclei and radia- 
tions, but the results of these attempts have so far not been conclusive. Con- 
sequently, the possibility exists that the fibers for the recruiting response may 
travel with the radiations from the projection nuclei, although the thalamic 
cells for the two fiber systems must be different. Different cortical areas 
each receive thalamo-cortical fibers, because it has been showm elsewhere that 
the generalized cortical appearance of the recruited response does not depend 
upon long intra-cortical connections (Dempsey and Morison, 1942). The fibers 
from the ventrolateral nucleus to the cortex are shown as separate elements, 
since the records shown in figures 1 and 2 indicate that the sensory pathway 
to the cortex is always open, regardless of activity in the medial circuits. The 
corticothalamic neuron which returns to the ventrolateral nucleus, although 
well known from both anatomical and physiological obsen’-ations, has not been 
included, since there is no evidence of its implication in the particular responses 
studied here. 

The type of circuit employed from the medial nucleus to the cortex is not 
well understood. Because of Dusser de Barenne and McCulloch’s demon- 
stration of closed chain circuits between cortex and thalamus, it has usually ' 
been considered that spontaneous cortical activity results from reverberating 
activity in such circuits. The present study indicates that these particular 
closed chains are not responsible for the 8 to 12 per sec. activity, and reopens 
the question of the circuit characteristics necessary for such effects. It is of 
course obvious that reverberating paths could account for rhythmically recurring 
potentials. On the other hand, there is eAudence that nervous tissue may react 
in a rhythmic mannei to constant stimulation in the fashion shown by the well- 
known rhythmic beat of heart muscle when activated by tetanic stimulation. 
Repetitive effects have been observed in nen^e during and after d.c. stimulation 
(cf. Eosenblueth, 1941, for references). Consequently, the possibility exists 
that the 8 to 12 per sec. activity could result from constant bombardment by ■ 



308 


EDWARD W. DEMPSEY AND ROBERT S. MORISON 


subliminal impulses which sum periodically in the cortex. For these reasons 
the corticothalamic neurons shown in broken lines in figure 5B signify that the 
circuits have rhjdhmic discharge characteristics, although the actual presence 
of a closed chain is hypothetical until further evidence is available. 

CONCLUSIONS 

1. The potentials evoked in the sensory cortex by peripheral nerve stimula- 
tion can be induced at any phase of the spontaneous 8 to 12 per sec. cortical 
potentials occurring in cats under nembutal anesthesia (fig. 1). 

2. The sensory potentials likewise can be superimposed upon the recraiting 
potentials evoked by stimulation of dorsomedial thalamic regions (fig. 2). 

3. The sensory potentials are blocked by concomitant stimulation of the 
ventrolateral thalamic regions (fig. 3). 

4. The recraited potentials cannot be induced in the simultaneous presence 
of maximal spontaneous potentials (fig. 4) and vice versa. 

5. These data show that the spontaneous and the recruited cortical poten- 
tials cannot employ the elements in the ventrolateral thalamus which relay 
the great afferent systems to the sensory cortex. The bearing of these findings 
on other thalamocortical relationships is discussed. 
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The continuation of observations from tins laboratorjr on the respiration of 
guinea pig tissues in various media has brought to light certain effects of inor- 
ganic ions, especially on brain respiration, which we are here reporting. The 
results refer specifically to the effect of potassium, sodium, lithium and calcium 
with some incidental observations on the effect of glucose and of total molarit3^ 
Methods. The oxygen consumption Avas determined in most cases b3’' means 
of the direct Warburg method, though in some cases a Warburg-Bar croft dif- 
ferential manometer system was used. The actual period of observation was 
one hour as a rule, and usually a period of about 1| hours elapsed from the time 
the animal Avas killed and the tissue removed until the end of the experiment. 
The tissue studied Avas either guinea pig or rat brain, chiefly cortex, though 
doubtless some subcortical tissue was included. The tissues were sliced free- 
hand and kept in a constant volume of control medium until transfer to the 
respiration flasks. We think it adAUsable to stress the constanc3’' of the fluid 
Amlume in which the tissues are kept after slicing, because it is our experience 
that laxness in this respect ma3r affect the results, due probabl}’' in most cases 
to Avashing out of substrate. The pH of the media Avas determined AAuth a glass 
electrode before the experiment, and in each respiratoiy flask after the experi- 
ment. This we belieA’^e to be an essential check on the buffering capacit3’- of 
the medium in the face of an active metabolism, being especiall3'- important in 
the case of brain, as Ave have previously shoAAm (Canzanelli, Greenblatt, Rogers 
and Rapport, 1939). It also is a check on the eA’-er present danger of splashing, 
AAuth consequent contamination of the medium AAnth alkali. Failing the actual 
determinations, AA^e feel that it is unAvise to take the pH of even buffered media 
for granted, and that serious errors in interpretation ma3’- result if this precaution 
is neglected. The pH determinations are omitted for breAuty, but all the in- 
cluded results are based on experiments in which a pH was maintained which 
Avould not affect O2 consumption (loc. cit.). 

In all cases, utiless otherwise stated, glucose was added to the mediwn in a concen- 
tration of 100 mgm. per cent. 

Results. 1, The effect of potassium. The influence of potassium on brain 
respiration has been observed by Ashford and Dixon (1935) Avho found a stimu- 

' Aided by a grant from the Charlton Research Fund, Tiifts College Medical School. 
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lation of rabbit brain respiration with 0.1 M KCl when added to a NaCl-P04 
mixture. In these experiments the total molarity of the solution was apparently 
increased. Dickens and Greville (1935) repeated these experiments in rat hrain, 
in a bicarbonate and in a phosphate buffered Ringer’s solution, with similar 
results. Recognizing, however, the considerable hypertonicity of the solution, 
they substituted KCl for NaCl in four experiments to produce an isotonic solu- 
tion containing 0.1 M K. In three of these experiments, the respiration was 
depressed, a result which they attributed to a deficiency of sodium. Our 
experiments with potassium follow: 

o. The effect of varying the molarity of K inversely with Na at normal total 
molarity. In these experiments the medium was NaCl buffered with a mixture 

TABLE 1 


QOs of guinea -pig brain slices in salt media with varying concentrations of K under 

different conditions 


CONC. K 



K-(- Na 

= 0.162 M 


Na = 0.162 M 

K + Na = 

= 0.303 M 





May 29 





Mar. 4 

May 29 

0 

9.7 

9.4 

9.0 

8.4 

8.4 

10.2 

9.7 

9.0 

2.8 




10.1 











13.9 









0.010 

16.9 

14.8 





15.4 




0.020 

1 

18.4 




20.7 1 


i 

1 



0.040 

22.8 

21.1 

22.3 

21.0 

13.8 

22.6 

21.2 

20.3 

12.0 

11.8 

0.060 






19.9 





0.080 






19.2 



15.7 








17.8 





0.120 






13.3 





0.143 

10.9 

6.5 

9.8 




15.2 

15.0 



0.152 









17.1 


0.188 










11.1 










12.3 


0.285 









6.9 



* In this experiment K and Na = 0.152 M but 0.3 M glucose was added to make the total 
osmotic pressure equivalent 0.3 M NaCl. 


of Na2HP04 and NaH2p04 mixture (which we designate "(Na)P04”) so that 
the final phosphate concentration was 0.01 M, and the total molarity equivalent 
to a 0.15 M NaCl solution. KCl was substituted for NaCl to give the desired 
molarity of K. The results are seen in table 1. It will be seen that the addition 
of K to the basic medium became effective in increasing the respiration when 
the molarity of K reached 0.005 or about the normal K concentration of mam- 
malian body fluids. The effect was progressively greater until 0.04 M was 
reached, when the O2 consumption was more than doubled. This concentration 
■was about the same as the optimal concentration of K for pigeon’s breast muscle 
found b3’’ lOeinzeUer (1940). I\Tien the K molarity reached 0.143, or the ap- 
proximate equivalent of the normal molarity of Na in mammalian serum and 
tissue fluids, the stimulation was no longer evident. The question arises whether 
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this is due to excess K or lack of hfa, as Dickens and Greville postulated at 0.1 M 
concentration of IC. IVe will return to this point presently, on the basis of 
other evidence. 

b. Varying the molarity of K and the total molarity, with Na and POi con- 
stant. The basic medium was as in (1-a). KCl was added as a solid, thereby 
increasing not only the K but the total molarity. It will be seen from the 
experiments in table 1 that with increasing amounts of K there is a progressively 
greater stimulation of respiration, up to 0.04 M. Unless increased molarity 
per se stimulates the respiration, it is clear that the stimulating K effect seen 
in section 1 -a is due to increased K and not to diminished Na. But increased 
molarity tends, in itself, to depress brain respiration. Bor example, doubling 
the osmotic pressure of a solution by adding glucose to isotonic phosphate 
buffered NaCl, reduced the QO 2 from 9.9 to 5.0. 

c. Varying K inversely with Na at constant high total molarity. The stimu- 
lating effect of K in various concentrations is further seen in table 1 , last two 
columns, which summarize experiments carried out at a total constant osmotic 
pressure equivalent to a 0.3 M NaCl solution. In the experiment of March 4, 
such a solution containing only Na almost completely inhibited consumption 
of O 2 . As K was increasingly substituted for Na, this depression was converted 
to stimulation and then finally to depression again. At a K molarit}’’ of 0.15, 
the QO 2 was 17.1 (cf. QO 2 of 15.2 and 15.0 under fairly similar conditions, table 
1 , cols. 6 and 7) ; yet at this concentration of K in the presence of a very low Na 
concentration the QO 2 was considerably less, and in a series of seven experiments 
in which the K concentration was 0.15 M, ndth no Na in the medium, the QO 2 
was constantly about 30 per cent lower than in a medium containing 0.15 M 
Na and no K. 

Moreover, in a solution vith a constant 0.02 M K, 0.01 M PO 4 , a varjdng 
Na concentration, and glucose sufficient to make the total osmotic pressure 
equivalent to a 0.15 M NaCl solution, the results seen in column 1, table 2, 
were obtained. It is evident that with no Na in the medium the characteristic 
K effect was absent. 

The lack of stimulation seen at the higher concentrations of K onlj’- appears 
to occur when the Na concentration is very low, or entirely absent. It might 
seem as though the stimulating effect of K is counteracted by the depressing 
effect of low Na. However, as we shall see presently, low Na in itself has no 
demonstrable effect on brain respiration. Hence we have to conclude that K 
has only a stimulating action on brain respiration, but this stimulation can only 
take place, as Dickens and Greville (loc. cit.) postulated, in the presence of an 
adequate amount of Na. This amount is apparently somewhat in excess 
of 0.02 M. 


It is also true, as in the May 29 ex-periment in table 1 , that the K stimulation 
can be at least partially counteracted by an increased total osmotic pressure due 
to added glucose or Na, as MU be seen by comparing the effect of a solution of 
( 1 ) 0.11 U Na and 0.04 M K mth ( 2 ) 0.11 M Na, 0.04 M K, 0 03 M glucose 
solution, and (3) 0.263 M Na and 0.04 M K solution, respectively 
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The stimulating effect of K on brain is in sharp contrast to its depressing action 
on nerve respiration, as shown by various workers, and similar in some respects 
to its effect on muscles (Fenn, 1931; Chang, Shaffer and Gerard, 1935). 

2. The effect of Na. We have already seen in the preceding section certain 
effects that might be ascribed to changes in Na. In these experiments, however, 
there have been concomitant changes in K. We have studied the effect of 
changing the concentration of Na in experiments where there was no other cation 
in the medium, and in which the total osmotic concentration was kept constant 
with glucose.- The results of these experiments are seen in table 2. Clearly 
the reduction in Na even to 0.02 M had no appreciable effect upon the respira- 
tion of the tissue, so long as the osmotic pressure of the solution was maintained. 
Unfortunately, we found it impossible to obtain results worth recording when 
hypotonic solutions were used, for when the osmotic pressure fell below the equiv- 


TABLE 2 

QOo of guinea pig brain slices in salt media with varying concentrations of jVa under 

different conditions 


coNc. Na 


Na -t- GLUCOSE = 0.16 Mt 

Na + K = 0.16 SI 

Na -i- Li = 0.16 SI 


June 24 

June 20 

June 2^ 

July 23 

Aug. 7 





lUpMI 

fiiiii 

June 23 


8.9 











0.02 


10.8 

8.1 

8.7 

8.0 

8.6 

8.1 

8.5 

16.6 

11.8 

12.6 

0.04 

20.4 


10.0 

9.8 

8.6 







0.06 


10.8 


10.0 

10.3 


14.2 

12.4 


13.9 

14.1 

0.08 

20.5 

11.9 

12.3 

11.7 

10.5 







0.10 


■El 


10.7 

11.2 







0.12 

23.9 

WSm 

10.4 

10.2 

10.5 



21.7 


11.1 

13.4 

0.15 

17,5 

11.2 

10.6 

10.0 

9.5 


8. 8 

13.0 


10.2 

10.6 

0.16 







8.0 

7.4 



7.4 


* Media made isotonic by the addition of glucose. 

t 0.3 hi glucose added to make a total osmotic pressure equivalent to 0.16 M NaCl. 

alent of a 0.12 M NaCl solution, the tissues tended to disintegrate, so that dry 
weights were quite untrustworthy and the QO2 figures obtained were meaningless. 

Increasing the Na ion above the physiological level was of necessity associated 
vith increasing molarity, and under these circumstances resulted in an increasing 
depression of respiration. Thus, with a QO2 of 8.0 at 0.15 M Na in a NaCl- 
glucose-P04 medium, the QO2 at 0.18 M Na was 6.5; at 0.2 M Na was 6.3, and 

- In connection with this, it is well known that in the absence of other substrate in the 
medium glucose exerts a profound effect on brain respiration. We have performed an 
experiment in which glucose has been added to NaCl-P 04 medium to make final glucose 
concentrations varying from 10 mgm. per cent to 1 gram per cent, the solution being cor- 
respondingly hj'pertonic. At 10 mgm. per cent, the respiration was increased 163 per cent 
over that in the medium without glucose. This is practically maximal, the changes between 
this concentration and 1 gram per cent being insignificant. This indicates 1, that above a 
certain minimum, which we suppose would varj' with different animals, the respiration is 
unaffected by increasing sugar as substrate; 2, that within these narrow limits hj'pertonicity 
(equivalent to an increase of 0.03 M NaCl) does not appreciably alter the respiration. 
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at 0.22 M Na was 4.7. In another experiment, however, there was no difference 
between the respiration at 0.16 M Na and that at 0.18 M Na, though at 0.14 M 
Na it was higher. On the whole, it can be said that decrease in the Na ion 
per se does not affect O 2 consumption, and that it is probable, though admitted^ 
not proved, that increase in Na above the physiological concentration depreses 
O 2 consumption only by virtue of its effect on the total osmotic pressure. 

8. The effects of lithium. Our chief purpose in introducing experiments on 
lithium was to throw light on the potassium effect, but they became of some 
interest in respect to lithium itself. The results are seen in table 2. Li is 
capable of stimulating brain metabohsm as compared with the level in a solution 
containing only Na as cation. The highest value for K at 0.04 M is not matched 
by Li, but at some concentrations, notabty at 0.14 M the Li effect is appreciably 
greater than that produced by K. Li, it is true, can hardly be regarded as of 
physiological importance. But it was postulated by Dickens and Greville that 
in stimulating metabolism K was acting in a purely physical way, and was a 
member of a lyotropic series in which Li was much less active in producing per- 
meability changes and swelling than was K, with Na occupying an intermediate 
position. At 0.10 M concentration, moreover, they found that Li exerted no 
appreciable effect on brain respiration. Our experiments vith Li do not con- 
firm this; nor is there any evidence in our results that the respective respirator}’- 
effects of Li, Na and K are functions of their lyotropic effects. 

If.. The effects of a balanced inorganic solution including the effects of Ca and Mg. 
For studying the respiration in a medium containing inorganic ions in approxi- 
mately their concentration in mammalian serum, vfe made a modified phosphate 
buffered Ringer’s (MPBR) as follows: 0.137 M NaCl, 115.5 parts; 0.150 M KCl, 
4.0 parts; 0.110 M CaCh, 1.5 parts, and 0.150 M MgS 04 , 0.5 part. To this 
was added when mixed 6.4 parts of “(Na)P 04 ” buffer solution. This solution 
is made by mixing 250 cc. 0.4 M NaH2P04, 235 cc. 0.4 M NaOH and 15 cc. water. 
The final MPBR solution is 0.15 M mth a pH of about 7.5. Its molarity in 
ions is as follows: Na = 0.143; Tv = 0.0047; Ca = 0.0013; Mg = 0.0006; 
PO4 = 0.010; Cl = 0.131; SO4 = 0.006. 

We have found it possible, by adding the phosphate buffering solution last, 
slowly and with shaking, to get 5 mgm. per cent Ca into solution. This corre- 
sponds roughly to the inorganic Ca, or “the diffusible mols.” of mammalian 
serum according to Flexner (1934). 

Five experiments involving the use of MPBR are shown in table 3, and indicate 
the following: 

1. That in a fully balanced medium as to inorganic ions (MPBR) the respira- 
tion is the same as in a medium (NaCl-P 04 ) in which Na is the only cation. 

2. That Ca depresses the respiration, for the respiration in MPBR is higher 
when Ca is removed. The experiment of March 5 shows that the depression 
induced by Ca is a function of its concentration. Ca has been variously shown 
to influence the respiration of different tissues, and uith a few exceptions the 
effect has been one of depression. For rat brain this was shoum to be true 
by Dickons and Greville (loc. cit.). 
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3. That respiration in MPBR without Ca is practicall3’- the same as in 
NaCl-P04 plus K, indicating that the significant inorganic ions in controlling 
brain respiration are Ca and K. 

4. That Ca neutrahzes the stimulating effect of K, as shown by the observa- 
tion in point no. 3 above and that the depression of respiration by Ca is due solely 
to its aboHtion of the IC effect, because in an MPBE, solution containing both 
Ca and K the respiration is the same as in buffered NaCl and in MPBR con- 
taining Ca but no K. 

In one experiment the absence of Mg had no influence on guinea-pig brain 
respiration. In concentrations of 0.10 M, Dickens and Greville found it to 
depress respiration in rat brain, while Chang, Shaffer and Gerard found it had 
no effect on dog or rabbit brain. There seems to be a species difference in this 
case, for in rat brain, as might be inferred from Dickens and Greville’s experi- 
ment, we found that the respiration in MPBR was increased when Mg was 
omitted. 


TABLE 3 

The effects of Ca and Mg guinea pig brain 


NaCI-PO* 

MPBR 

"Normal” 

"Altered" 




No K 

0.005 M K 

0.0013 M Ca 
(5 mgm. %) 

0.00065 M Ca 
(2.5 mgm. %) 

No Ca 

NoK 



im 









Feb. 19 


11.8 


10.8 





Feb. 26 


13.1 


10.4 



QO 2 


Mar. 5 


13.6 

8.5 

10.4 

13.0 




Mar. 17 



10.0 






Mar. 19 


13.0 

10.0 


13.2 

9.6 



Aug. 11 

BBI 

11.8 

8.4 

9.2 

11.3 

8.0 


On the other hand we caimot confirm the statement of these authors that K 
is not stimulating Tvhen Na is the only other cation in the medium. The data 
in this paper, including table 3, show that this is not true in guinea-pig brain, 
and we have also found that adding 0.005 M K to NaCl-P04 medium increases 
the respiration of rat brain as well. Perhaps concentrations have something 
to do with it. 


SUMMARY 

The influence of inorganic ions on the oxygen consumption of guinea pig brain 
in %’itro has been studied with the following results: 

1. K stimulates respiration in concentrations as low as those present in 
mammalian serum. The optimum concentration appears to be about 0.04 M. 
K does not stimulate except in the presence of at least 0.02 M Na. Low Na is 
not in itself depressing to respiration. 

2. Hypertonicity of the medium tends to depress respiration. 
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3. Li stimulates respiration in concentrations greater than 0.01 M, 

4. In a fully balanced medium as to inorganic ions, the respiration is the same 
as in a solution containing Na as the only cation. This is so because Ca and 
K appear the only organic cations that exercise a controlling influence on respira- 
tion. In depressing respiration, Ca apparently does so solely by inhibiting the 
stimulating action of K. 
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In a previous communication (Canzanelli and Rapport, 1939) this labora- 
tory reported observations on the O 2 consumption of certain guinea-pig tissues 
in diverse media, the most strildng of these being the fact that while the respira- 
tion of liver, kidney and heart was higher in serum than in buffer NaCl or 
Ringer<s solution, that of brain was lower. We are here reporting experiments 
which were instituted vith the purpose of analyzing these phenomena. 

Methods. The methods were similar to those of the paper referred to above. 
The oxj'-gen consumption of the sliced tissues was determined either in an open 
Warburg or in a Barcroft-Warburg differential manometer system, usually the 
former. We have used for comparison mth serum and its ultrafiltrate 1, a saline 
solution buffered mth a sodium phosphate mixture (referred to as “NaCl-P04”)l 
2, a saline solution buffered with Na 2 HP 04 and KH 2 PO 4 (referred to as “NaCl- 
Sorensen PO 4 ”) and 3, the modified phosphate buffered Ringer’s solution 
(MPBR) described in the accompanying paper (1941). Horse serum was used 
and was made almost bicarbonate free by acidifying to a pH of between 6.0 and 
6.5, then shaking with evacuation for about 1| hours, and finally bringing to 
physiological pH with NaOH. The protein-free ultrafiltrate was prepared by 
filtering serum under sterile conditions through cellophane (Visking sausage 
casing diameter) . A few points in regard to the technique we used in this 

connection may be of value for two reasons: 1, that it made sterility compara- 
tively easy of attainment; and 2, that a large filtering surface could be obtained 
■with the use of a comparativelj'^ small amount of fluid. The details of the 
apparatus are presented in figure 1. The apparatus is sterilized by connecting 
the glass tip G to an ordinarj”^ distilling flask from which steam is generated and 
passed through the apparatus for 10 to 15 minutes, the rubber dam B being 
tucked inside the large C 3 dinder F, and a large beaker being inverted over the 
upper end of the apparatus. After cooling, 50 cc. of horse serum were intro- 
duced into glass tube A, and the tube then connected at its upper end to an 
oxygen cjRnder as a source of pressure. One to three pounds’ pressure was 
applied, forcing practicallj'- all of the serum into a space between the glass 
tube A and the cellophane casing, affording a large filtering surface. The yield 

^ Aided by a grant from the Charlton Research Fund, Tufts College Medical School. 
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of ultrafiltrate from 50 cc. serum on ovemight standing was usually between 20 
and 25 cc. 

The ultrafiltrate was made almost bicarbonate free in the same manner as 
the serum. 

The experiments were usually of one hour duration and the pH was noted 
before and after, experiments in which the pH (as determined by glass electrode) 
went beyond normal limits for respiration being discarded. 

Except where otherwise noted, the respiration of the tissue in NaCl buffered 
with 0.01 M PO4 (final concentration) is used as a base in computing percentage 
changes. 
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Fig. 1. Ultrafiltration apparatus. A, glass tube 18/32 inch diameter, 18 inches long; 
B, rubber dental dam cover to large cylinder; C, rubber band sealing upper end of “Visking” 
casing; D, Visking cellophane casing 18/32 inch diameter; F, horse serum under 1-3 lbs. 
pressure; F, glass cylinder with tapered and graduated end; G, tip for introducing steam to 
sterilize apparatus and for withdrawal of ultrafiltrate. 

TABLE 1 


Effect of serum, serum ultrafiltrate and serxim proteins on O 2 consumption of liver 




QOs 


TEST MEDIUM 

NO. EXPTS. 

Control (in 
NaCl-Sorensen 
PO4) 

Test 

change 

Horse serum 

75 

3.9 ± 0.1 

8.8 ±0.2 

per cent 

±126 

Ultrafiltrate 

20 

4.0 

9.1 

±128 

Globulin (5 gm.%) 

21 

3.3 

4.7 

±42 

•Albumen (5 gm.%) 

6 

3.2 

4.3 

±34 


Results. 1. Effects on liver respiration. In table 1 are given the figures 
showing that the respiration of liver slices is more than double in serum than 
in “NaCl-S6rensen-P04.” (Since these figures were derived from a large number 
of random experiments, we have determined and stated in the table the Standard 
Deviation of the Mean.) The possibility existed that this was due to inorganic 
ions. I^fiiile we have incidentally observed certain effects on QOo as a result 
of varying the inorganic ions of the medium, a direct comparison of the O2 
consumption of liver slices in the MPBR solution pre\dously referred to and 
serum, showed the following results: in MPBR = 3.4 ± 0.2; in serum 8.3 d= 0.2. 
Clearly the serum effect could not be ascribed to any inorganic ion. 

The effect of serum proteins was next considered. We prepared serum globu- 
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lin and serum albumen by precipitation from horse serum three times with 
half and fully saturated ammonium sulfate, respectively, dialyzing against 
runmng water until free of sulfate, washing "ivith ether, and dr 3 ung by freezing 
in vacuo. We are not unaware of the fact that w^e are dealing here vith impure 
products, but with this qualification, we maj’’ refer to the fractions we obtained 
as roughly representing '‘serum globulin” and “serum albumen.” 

Table 1 shows the effect of adding each of these proteins to the NaCl-Sorensen- 
PO 4 medium. In a concentration of 5 grams per cent, or about that normally 
present in serum, there was in 21 experiments an average increase of 42 per 
cent in the liver respiration. Except in two experiments, the increase was 
always unmistakable. In these tw'o experiments, a new batch of guinea pigs 
from an unusual source were used. A shift to animals from our usual source of 
supply gave us our customary effect; moreover, livers from animals of the batch 
in which the globulin effect had failed were found to respond to globulin later, 
when they had been in the laboratory for some time. We are inclined to believe 
therefore that a nutritional factor is involved here. The stimulating effect of 
the globulin was very questionable at a concentration of 0.3 gram per cent; it 
became evident at 2 grams per cent and maximal at 5 grams per cent. It did 
not change when the concentration was increased from 5 to 10 grams per cent. 

Serum albumen in a concentration of 2 to 5 grams per cent had an effect on 
liver similar, though somew^hat smaller, than serum globulin. 

Serum ultrafiltrate. It appeared from the above results that we might be 
dealing with two distinct phenomena, for the protein effects, even if summated, 
were not sufficient to account for the effect of the serum. To test this further 
we used as a medium the ultrafiltrate of serum, prepared as described above, and 
found in an average of 20 experiments that the ultrafiltrate raised the QO 2 of 
liver almost exactb’’ as much as did serum itself, namely 128 per cent. It seems 
clear therefore that the serum effect is quite distinct from the effect of the pro- 
teins in the serum, and is due to an as yet unidentified factor. 

It is of interest in this connection that Shaffer, Chang and Gerard (loc. cit.) 
found that respiration of frog and dog liver in coagulated serum and cerebro- 
spinal fluid was as high as in whole serum; and Walthard (1934) found in 3 
experiments out of 8 an increased respiration when an alcoholic extract of serum 
w'as added to Ringer’s solution, w'hile egg ivhite added to Ringer’s was without 
effect. Heating serum to 60° and 65°C. for 15 minutes did not alter the serum 
effect; nor did similar heating of the ultrafiltrate, or boiling it for 5 minutes 
with precautions against concentration, change the ultrafiltrate effect. 

To find out whether the stimulation due to protein and that due to serum 
and ultrafiltrate could be summated, we performed 5 experiments, with the 
results seen in table 2-A. It is clear that when 5 per cent globulin is added to 
either serum or ultrafiltrate, the effect of the protein is completely abolished. 
However, it was possible even though unlikely that in these experiments we had 
reached a “ceiling” beyond which no further stimulation was possible. We 
therefore performed the experiments in table 2 (B and C). Globulin, to make 
final concentrations of 2.5 per cent and 5 per cent, re.snectively, w^as added to 
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serum and ultrafiltrate "wliich. had been ^‘diluted^^ with the control solution. 
Under these circumstances, when it was certain that the ceiling had not been 
■ reached, again there was a complete absence of summation. 

When either serum or ultrafiltrate is mixed with NaCl-Sorensen-POi solution , 
in different proportions, and liver respiration compared with that in NaCl- 
S6rensen-P04 alone, the increase in O 2 consumption of the liver was a linear 
function of the serum or ultrafiltrate concentration, at least up to 80 per cent 
concentration, as will be seen in figure 2. 

The respiration of liver was unaffected by the addition of 100 mgm. per cent 
glucose to any of the above media. 


TABLE 2 


Summation of globulin effect and of serum and ulirafillraie effects on the O 2 consumption of 

guinea pig liver 
Serum and ultrafiltrate 



COKTROL 
NaCl-S6REN-’ 
SEN POi 1 

1 

NaCl-S6R- 1 
ENSEN PO» 
+ 5% GLOB. 

ULTRA- 

FILTRATE 

ULTRA- 

FEUTRATB 

+ 5% GLOB. 

SERUM 

1 

SERUM 
-f 5% GLOB. 1 


A 

3.3 

4.8 

+40% 

8.5 

+164% 

8.4 

+161% 

8.0 

+143% 

8.0 

+143% 



Serum 



CONTROL 

NaCl-S6REN- 
1 BEN PO 4 

1 1 

NaCl-S5R- 1 
EN8EK PO. 1 
+2.8% glob.. 

NaCl-S6R- 
ensenPOi I 

+ 6% GLOB. 

! 

100% BERTOI 

25% SERUM* 

25% SERUM* 
+ 2.5% GLOB. 

25% SERUM* 
+ 5% GLOB. 

B 1 

mgm 

4.0 1 

4.7 

8.7 

5.9 

5.8 

6.1 



+29% 

+52% 

+181% 

+90% 

+87% 

+97% 


Ultrafiltrate 



CONTROL 
NaCl-SfiREN-l 
BEN POt 

NaCl-S5R- 
enbenPO. 
+ 2.5% GLOB.' 

NbC1-S6b- 
enben P0« 
+ 5% GLOB. 

100% U.F. 

25%U.F.* 

25%U.F.* 
+ 2.5% GLOB. 

25% U.F.* 

+ 5% GLOB. 

c 

3-3 

3.9 

+16% 

5.8 

+76% 

7.8 

+137% 

5.1 

+55% 

■Bl 

5.8 

+76% 


* Serum and ultrafiltrate diluted -with. NaCl-Sorensen PO». 


The protein effects on liver metabolism raise the important question as to 
whether this may not be associated with proteolysis and an amino acid stimula- 
tion such as Krebs (1933) obtained in both liver and kidney. 

2. Effects on kidney respiration. Kidney slices were chiefly cortical, though 
medulla was included. By making individual pieces small, pooling was facili- 
tated as much as possible. 

In a series of paired experiments, we have observed that the respiration 
of guinea-pig kidney is on an average 22 per cent greater in NaCl-Sorensen-PO^ 
containing 100 mgm. per cent glucose than when glucose is absent. In this 
respect kidney is, at least in most experiments, unlike liver, which is indifferent 
to the presence or absence of glucose in the medium. We attribute this to the 
fact that kidney is lacking in substrate, -a lack which glucose supplies. Serum 










































320 A. CANZANELLI, G. ROGERS, C. S. DWYER AND D. RAPPORT 

and its ultrafiltrate stimulate the O 2 consumption equally, as will be seen in 
table 3, the percentage increase depending upon whether glucose has been 
added to the control medium. It appears that while serum ultrafiltrate can ' 
furnish substrate to the kidney to take the place of glucose, the stimulating 



TABLE 3 


Effect of serum, serxim tiUrafillralc and serxim proteins on O2 consumption of kidney 


TEST MEDIUM 

KO. EXPT8. 

Q 

Controls 

lO: 

Test 

change 

NaCl- 

Sorensen 

POi 

No glucose 

NaCI- 

Sorensen 

PO. 

+ glucose 

No 

glucose 

Plus 

glucose 







per cent 

Horse serum 

8 

13.8 


22.4 


+62 

Horse serum 

3 

1 

15.7 


20.9 

+33 

Ultrafiltrate 

6 

14.5 


23.0 


+58 

Ultrafiltrate 

2 


16.6 


21.1 

+27 

Globulin (5 gm.%) 

11 

12.8 


14.4 


+13 

Globulin (5 gm.%) 

3 


14.2 


14.0 

-1 

Albumen (5 gm.%) 

3 

13.5 


14.5 


+7 


effect of these media is due to something apart from this, as in the case of liver. 
(The apparent depression of metabolism in serum and ultrafiltrate media when 
glucose is added is factitious, and due to the fact that the results in different 
animals are used. In paired experiments in tissues from the same animal this 
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depression is not evident.) As in the case of liver, the serum and ultrafiltrate 
effects were not due to inorganic ions as shown by experiments vith jNlPBR. 

Yamamoto (1938) found that respiration of rabbit kidney was slightly but 
defirntely liigher in serum than in Ringer’s solution. Karczag obtained astonish- 
ing stimulatory effects of human serum ultrafiltrate in guinea pig kidney as 
compared vdth the respiration in Ringer-Locke’s solution, the control QO2 
being 5.7 (very low in our experience) ; that in ultrafiltrate being as high as 94.6. 
We may say in passing that in our hands human serum produces no such effect, 
but we have not tried the human ultrafiltrate. 

As will be seen in table 3, the serum proteins exerted very little effect on Idd- 
ney. In 11 experiments, the average increase in O2 consumption upon the 
addition of 6 per cent serum globulin was only 13 per cent. This is almost 
within the limit of error, and its significance lies chiefij’- in the fact that it was 
inconstant. In 4 experiments there was practically no effect, in 5 others the 
increase was between 10 and 20 per cent; in the remaining 2 it was 36 per cent 

TABLE 4 


Effects of seruvi and ultrafiltrate on O2 consumption of brain* 



QO: 

Controls 

Test 

NaCl- 

Sorensen 

PO 4 

NaCl 

(Na)PO* + 
0.005 M K 

MPBR 

Serum 

Ultra- 

filtrate 

IS e.\’periments 1 

11.5 



8.2 


5 experiments 1 

13.0 




10.4 

1 

February 9 


11. S 

10.8 

10.2 

10.6 

February 2G 


13.1 

10.4 

9.6 

10.6 


* All media contained 100 mgm. per cent glucose. 


in each. We think this is explicable on the basis of the experiment with glucose 
in table 3. Here the control QO2 in NaCl-glucose-P04 was 14.2; and in the 
same solution plus 6 grams per cent globulin it was 14.0. Globulin therefore 
seems to be acting here purely as a substrate, and glucose can substitute for it. 
The failure of the globulin effect, when it occurred -with no glucose added, was 
probably due to the fact that sufficient substrate was alreadj^ present in the 
kidney to obviate the necessity of using globulin. Albumen had practically 
no effect on O2 consumption. 

S. Effects on brain respiration. We have previously reported (1939, loc. cit.) 
.that the respiration of brain is lower in serum than in both Sorensen-phosphate 
buffered NaCl and Ringer’s solution, containing 100 mgm. per cent glucose. 
Table 4 shows further experiments, using NaCl-glucose-Sorensen PO4 as a con- 
trol, and again the depression due to serum is evident. IMoreover, the same 
phenomenon occurred in the case of the ultrafiltrate. This held true also when 
the K and PO4 of the control saline solution was the same as that of the serum. 
However on making a similar comparison with MPBR, we were unable to dupli- 
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cate our earlier results with phosphate buffered Ringer’s, as will be seen in table 4 . 
Analysis of the discrepancy brought to light the fact that owing to the high 
molarity of PO 4 used in making the Sorensen buffered Ringer’s, ionic Ca of the 
solution was unquestionably considerabty lower than in MPBR and either serum 
or ultrafiltrate. 

Hence we are now of the opinion that the lower respiration of brain in a 
serum or ultrafiltrate medium as compared with NaCl-Sorensen PO4 is due to 
the fact that in the two former the stimulating effect of K is inhibited by Ca, 
while in the latter it is not. It is, in other words, an inorganic ion effect, 
whereas the considerable stimulation of liver and kidney respiration are not. 
There is, on the other hand, no evidence of stimulation of brain respiration by 
either serum or ultrafiltrate. It should be understood that these remarks apply 
to conditions where the saline media contain glucose. When they do not, the 

TABLE 5 


Effects of serum 'proteins on Oi consumption of brain* 




QOs 



NaCl 

Sorensen 

NaCl 
(Na) POt 
NoK 

NaCl 
(Nn) PO. 

MPBR 



P04(0.0026 

MK) 

+ O.OO 6 
MK 

Un- 

changed 

NoCa 

No K 

6 expts. 

Control 

11.4 






[Control + globulin 

9.4 






4 expts. < 

Control 

13.5 






[^Control + albumen 

8.4 






Mar. 19 < 

Control 

9.8 

13.0 

10.0 

13,2 

9.6 

[Control + albumen 


9.1 

7.8 

7.5 

9.1 

8.9 

June 25 ‘ 

Control 


8.1 

13.2 

8.1 



Control + albumen 


8.0 

9.7 

8.1 










* All media contained 100 mgm. per cent glucose. 


control QO 2 is always very low, and both serum and ultrafiltrate respiration, 
presumably due to supplying of substrate, is invariably more than 200 per cent 
higher. 

When either serum globulin or serum albumen is added to NaCl-P 04 solution 
containing K, the respiration is always depressed, and especially so in the case 
of albumen. (See table 5.) As will be seen in the two experiments of March 19 
and June 25, this depression however does not take place in the absence of 
The depression appears in comparison with MPBR as well, when Ca is absent, 
and also, apparently, in MPBR when the stimulating action of K is not entirely 
inhibited by Ca. This at least is the way we interpret the difference in the two 
results of March 19 and June 25 when MPBR was the test medium. In one case 
the control QO 2 was 10.0; when albumen was added it was 7.5; in the other the 
lower control QO 2 of 8.1 was unchanged by the addition of albumen. There 
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is a rather surprising similarity in the depressing action of protein on brain 
metabolism and that of Ca, reported in the accompanying paper (loc. cit.). 
Both seem to depend on an inhibition of K stimulation. 

When sugar is not present in the control medium, the low QOe (4 or less) is 
unaffected by the addition of either of the serum proteins, which the brain 
apparently cannot use as a substrate. 

SUMMARY 

The influence of horse serum, serum ultrafiltrate and serum proteins on the 
in-vitro O 2 consumption of guinea-pig tissues has been studied, with the fol- 
lowing results: 

1. Liver. Serum globulin and serum albumen increase respiration. The 
stimulating effect of serum is not due to its proteins. Ultrafiltrate stimulates O 2 
consumption to the same extent as serum. The effects of serum, ultrafiltrate 
and proteins are not summated wdth each other. 

2. Kidney. Serum globulin stimulates respiration variably, depending prob- 
ably on the substrate present in the tissue. Serum and ultrafiltrate increase 
respiration to an equal extent, part of the effect being due to addition of 
substrate. 

3. Brain. The serum proteins depress brain metabolism. This effect is 
similar to that of Ca, namely, an inhibition of K stimulation. The brain cannot 
use serum proteins as substrate. The depression of respiration by serum and 
ultrafiltrate is apparently caused by Ca. 
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The exact preganglionic S 3 ^mpathetic outflow from the spinal cord in man has 
not been determined bj’’ direct methods; the present concept depends upon 
Langley’s (1) description of the preganglionic paths in the cat. Recently, 
Sheehan and Marrazzi (2) have determined the preganglionic outflow in the 
monkey by recording the electrical activity of peripheral nerves during stimula- 
tion of the ventral roots of the spinal cord. While their method is dependable, 
it is not applicable to human subjects since it requires the exposure of peripheral 
nerves for recording. The following experiments were performed to establish 
the validity of a method that could be used in the operating room for defining 
the origin of preganglionic fibers in man. The method consists in stimulating 
ventral roots of the spinal cord and recording changes in skin resistance. 

Stimulation of a preganglionic sympathetic nerve causes vasoconstriction, 
piloerection, and sAveating. Of these AA'^e have found the last the most easity 
recorded, since it is attended bj'' a change in the resistance of the skin to the flow 
of a direct current. This change has been AAddely used in the studj’’ of reflex 
sympathetic activity. Sympathectomy'- causes an enormous increase in the 
resistance and abolishes reflex changes (3, 4). 

Method. The thoracic or lumbar region of the spinal cord Avas exposed bj"- a 
laminectomy’- while the animal Avas under ether and nembutal anesthesia. It 
was found that circulatory failure, Avhich often folloAved such extensive operatiA'-e 
procedures, could be postponed or prevented by keeping the animals AA^armed 
with an electric heating pad, and by”- maintaining an intravenous infusion of 0.9 
per cent saline at 0.5 to 1 cc. per minute throughout the experiment. After 
the dura had been opened, the dorsal and ventral roots on one side AA'ere cut 
close to the spinal cord, and the distal portions tied with a fine silk ligature. 
The dura about the emerging roots was cut so that they might be elevated from 
adjacent tissues for stimulation. All the roots exposed by the laminectomy 
(usually Cs through T 12 , or Ts through L?) Avere cut and prepared for stimulation 
before any’- recordings were made. This procedure preA'-ented a reflex discharge 
over intact ventral roots Avhich might have originated in a spread of the stimulus 
to the spinal cord; it also permitted stimulation of all the roots in rapid sequence. 
YHien possible, the stimulations were repeated or the roots of the opposite side 

* Fellow of the Rockefeller Foundation. 
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B^ere prepared and stimulated in the same manner. When the lower roots ivere 
to be stimulated, the cord -was excised, so that the roots of both sides were 
more available, and the possibility of stimulus escape eliminated. 

The stimulus used ivas a square wave pulse of 16 msec, duration at a fre- ^ 
quency of 30 per second. The intensity was 8 volts measured under load. ' 
One electrode, a zinc plate, was fastened with a finger stall to the volar surface 
of the animal’s foot, u^hich w^as cleaned with normal saline and wetted wdth 
saturated ZnSOi solution. The other electrode was fastened to the exposed 
muscles of the back. By means of the bridge circuit shown in figure 1 , changes in 



Fig. 1. Rt, 100 ohms; R^, 100,000 ohms; Ri, Rs, 10,000 ohms; Bj, 100,000 ohm decade re- 
sistor; Re, 0.5 megohm input resistance of oscillograph; osc., 5 inch cathode-ray oscillo- 
graph, d.c, coupled, sensitivity approximately' 60 d.c. millivolts per inch. 

Operation: With switch in position 1, oscillograph trace is adjusted to a reference posi- 
tion at about mid-screen. With switch in position 8, Ri is adjusted to balance tissue po- 
tential. With switch in position S, Ro is adjusted to balance the bridge. With switch in 
position J^, Ri is adjusted to again balance the bridge. The setting of Ri gives skin re- 
sistance directly. Recordings were made with switch in position 3, and calibration was 
carried out with switch in position 4- 

the skin resistance tvere recorded on one screen of a dual channel oscillograph; 
transit time of the electron beam and the stimulus signal on the other. The 
input circuit does not distinguish between tissue potential changes and changes 
of potential developed in the bridge due to changes in the skin resistance. 
Goadb}' and Goadby (5) have shown that the two are independent and that the 
former is negligible as compared with the latter. Experiments were carried 
out to satisfy ourselves that this was the case with the recording system we 
employed. 

Another potential change which must be considered is that due to disturbance 
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of the electrode during somatic movement. Unfortunately, stimulation of a 
ventral root may cause movements of the extremity in which changes in re- 
sistance are being measured. Two characteristics of the records permit distinction 
between somatic movement and a decrease in skin resistance: wave form 
and latent period. Somatic movement begins and ends with the stimulus and 
the wavefronts are sharp; a decrease in skin resistance has a latent period of 
about one second and the response is gradual and prolonged. 
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Fig. 2. Summary of positive responses to stimulation of ventral roots in cats and mon- 
keys. E, erection of hair; F, widening of palpebral fissure; N, retraction of nictitating 
membrane; P, dilatation of the pupil; S, decrease in skin resistance; *, observation made 
on pad of hind foot; 0, no response. Capital letters indicate a response on the right side; 
small letters a left sided response. 


Both pupils were observed dm-ing each stimulation, not only to establish their 
preganglionic innervation, but to make certain that the stimulus was not exciting 
the spinal cord. Any response other than ipsilateral dilatation would indicate a 
spread of stimulus. Observations were also made of retraction of the nictitating 
membrane, widening of the palpebral fissure, and erection of the hair. 

At the end of each experiment, the roots stimulated were identified by dis- 
secting the thoracic nerves into the intercostal spaces. The first lumbar nerve 
was identified as the second below the last rib. 

Results. Positive responses, obtained from 4 monkeys (macasus rhesus) 
and 7 cats are suromarized in figure 2. The cat usually has 13 ribs, the monkey 
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TIME ■ 
ilN SEC. 

Fig. 3. Oscillographic recordings of the rediictinn d-- 
cats 4 and 5 and of nionkej' 6. The thoracic roof qt: i 'fsistance of the forepads of 

During stimulation the beam was deflected off the indicated in the left column, 

decrease in skin resistance. A sensS c I signifies a 
4900 ohms is substituted for the ^ of 

of cat 4 was 4900 ohms. The bottom record in each 1°^" resistance 

of the electron beam. column indicates the transit time 
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12. Therefore, in figure 2, under Tis there are no responses listed in the experi- 
ments on monke3'^s. In the monkej'-, preganglionic fibers to the ej^e leave the 
cord over the first four thoracic ventral roots, while those to the hands emerge 
through ventral roots T4-T10. The preganglionic outflow to the monkej^’s 
foot, determined in onty one animal, was through T10-L3. One peculiarity in our 
results is the asj^mmetrj’' of the preganglionic outflow on the two sides of the 
same animal. For example, in monkej'^ 5, the preganglionic innervation of the 
hindlimb was found to leave the cord over the ventral roots of Tio-Lo on the left 
side and of Tu-Ls on the right. The stimulations were repeated three times 
with the same results. Another case, this time involving the preganglionic 
outflow to the hand, is monkej’’ 6. On the right, positive responses were ob- 
tained from T4-T9 while on the left side the outflow is shifted one segment 
caudalty and includes Ts-Tio. 

In the cat the preganglionic fibers to the ej’^e are found in the first four or five 
thoracic ventral roots. The uppermost ventral root influencing the pad of the 
forefoot was T5 in 2 cats, T4 in 2 and T3 in 1. The preganglionic fibers to the hind 
foot of the cat extend from Tu-Ls, and show consideralDle variation from animal 
to animal. In one cat erection of hair on the tail was seen on stimulation of 
ventral roots T13-L3. 

The changes in skin resistance of the forepad following stimulation of the 
thoracic ventral roots in cats 4 and 5 and monkej’^ 6 are shown in figure 3. 
Although the greatest changes resulted from excitation of Te and T7, we have not 
found it relialDle to use the size of the response to estimate the preganglionic 
content of the ventral roots, since the responses to repeated stimulation of the 
same root were not sufficientty reproducible. 

Discussion. If the stimulus ive used was spreading to adjacent roots or to 
the sj^mpathetic chain, our positive results are of no significance. This pos- 
sibility was excluded bj^ crushing a ventral root distal to the electrode just after a 
positive response had been recorded. The stimulus was then repeated and 
evoked no response. Positive responses in our experiments appear, therefore, 
to have a real value; negative responses are not so significant since the condition 
of the animal, depth of anesthesia, or the contact of an electrode ma.y be un- 
satisfactoiy and interfere with a response. 

The preganglionic outflow determined in these experiments was more e.xten- 
sive than that found bj'^ )Sheehan and Marrazzi (2). This maj'' be due to the 
differences of the methods. There is, however, a remarkable agreement on the 
major outflow and we consider the confirmation of their results evidence for the 
validity of our method. 

Sheehan and Marrazzi are inclined to disbelieve that in man there is a 
preganglionic outflow to the hand over the upper thoracic ventral roots (6). 
Their reluctance to accept this idea is based upon generalizations drawn from 
the studies on the cat, dog, and monkeju In these animals the forelimb receives 
no preganglionic innervation from Ti and To, and there is onl3" an occasional 
contribution from T3 in the cat. B3’' stimulating ventral roots in man,- we have 

- These experiments were done with Dr. Bronson Ray and will be reported elsewhere. 
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demonstrated a preganglionic outflow to the hand as high as T2 and as low 
as T9. 


SUMMARY 

By recording changes in skin resistance on stimulating the ventral roots of 
the spinal cord, the preganglionic sympathetic outflow to the fore and hind feet 
in the cat and monkey has been determined. This method of determining 
the preganglionic outflow is applicable to man. 
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The intent of the investigations reported here was to try to gain some knowl- 
edge of the factors which control the absorption of a few simple substances. 

Absorption of Syrups and Sugars, a. Absorption of sugars with time. The 
evidence that there is a special mechanism for the absorption of certain sugars 
is considerable but inconclusive. A good argument for a special mechanism 
would be the successful demonstration of a constancy in absorption Mth time 
and independently of concentration after solutions of sugar had been placed 
in the alimentary tract, a constant rate indicating, of course, that a special 
mechanism is at work constituting the limiting factor. Evidence for such an 
active cellular function was furnished in 1929 by Cori, Cori and Goltz (1) who 
claimed that the absorption of glucose was constant from hour to hour, and 
vitlrin wade hmits independent of the strength of the solution used. This work 
was confirmed by Trimble, Carey and Maddock (2), but refuted in 1941 by 
Nutter and Murhn (3). 

The problem of absorption of sugars Mth time was reinvestigated using the 
method of Cori (4) for absorption and Bertrand's method for sugar analysis. 
A falhng off in absorption Arith time rvas found. A fundamental objection to 
the original observations of Cori, Cori and Goltz is that 2 cc. of a 60 per cent 
solution of glucose put into the rat’s stomach causes, by its osmotic effect, such 
a distention that the stomach is unable to empty promptly. Furthermore, it 
is necessary to exercise the utmost caution to preA'^ent loss bA'- spurting AA’hen the 
stomach is opened. EA^en AAath such pi’ecaution absorption of sugars as a 
straight line function of time never has been obtained in these laboratories. 

b. Effect of hexylresorcinol, pinacol and calgon. It has been found that hexyl- 
resorcinol, pinacol (tetramethjd glj'col) and possibly calgon (sodium hexameta- 
phosphate) (5) promote the absorption of insulin from the alimentaiy tract and 
an inA^estigation was made to determine the factom responsible for this increased 
absorption. The results were of sufficient interest to encourage an examination 

' jNIost of the data in this paper are taken from a thesis presented in partial fulfillment 
of the requirements for the Doctorate of Philosophy, University of Rochester, 1940. 
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of their effect on the absorption of syrups and sugars. The syrups used were 
“sweetose” and corn syrup, the compositions of which follow. 


Moisture 
Sugars. . . 
Dextrins 
Ash 


Sweetose- 

Corn syrup5 

18.05% 

19.70% 

55.731 

80 

25.94] ° 

o2.35] 

0.28 

0.25 

100.00 

100.00 


The Cori technique (4) again was used but a 2 cc. solution equivalent to 25 per 
cent of glucose was used instead of a 60 per cent solution. The osmotic effect 
still was apparent, but spurting was not difficult to control. The effect of 
hexylresorcinol on the absorption of corn syrup, sweetose, glucose and sucrose 
and the effect of pinacol and calgon on the absorption of com syrup were studied. 
The results expressed in absorption per unit weight and body surface are given 
in table 1. A 25 per cent solution of sweetose is absorbed more rapidly than a 
solution of corn syrup of the same concentration. This finding can not be 
explained by the fact that sweetose is more hydrolyzed than corn syrup because 
glucose gives about the same value as corn syrup. Magee and Eeid observed 
that 13.5 per cent is the optimal concentration for the absorption of glucose in 
rats and rabbits (6), and since it is the concentration in the intestine next to 
the mucosa that really matters it is quite possible that 25 per cent corn sj'rup 
does not furnish enough glucose while 25 per cent glucose furnishes too much. 

The important point in this work is the inhibition in absorption of corn S3’'rup, 
sweetose and sucrose but not of glucose by hexylresorcinol. In other words, 
in each case where an enz 5 '^matic hydrolysis is concerned, absorption is inhibited 
bj'^ hexylresorcinol and the observation (5) that tliis compound inhibits the 
activity of pepsin, trj^psin and erepsin is recalled. Pinacol which had no 
influence on any of the proteoljdic enzj'^mes (5) was without effect and calgon, 
which only checks the activity of pepsin, had, if any, a slight favoring effect on 
the absorption of corn syrup (table 1). 

Absorption of Chloride and Sidfate. a. The chloride impoverishing mechanism 
in the small intestine. In 1934 Burns and Yisscher (7) found that with solutions 
containing both sulfate and chloride, the latter was absorbed against a liigh con- 
centration gradient. Ingraham, Petere and Yisscher (8) continued the study 
so far as to allow a theoretical interpretation. Their h 3 ^pothesis was that an 
essentially mosaic pattern of differential permeabihty exists in the intestine. 
By assuming that monovalent ions move out of the intestine but not into it 
and that polyvalent ions do not move at all, an equation was derived to describe 
quantitati\ eb'’ the concentration of the monovalent ion in the loop at an 3 ’’time 
during absorption. These workers removed samples from the intestinal loop 
for analyses at various intervals by means of a needle and S 3 u-inge. This pro- 
cedure was tried in our laboratory but was modified for two reasons. 1. The 
volume of the contents of the loop decreases rapidly with time if left undisturbed 


Supplied by the A E. Staley iManufactirring Company, Decatur. IlUnois, 
author is indebted for some financial aid in this portion of the study 


to whom 
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and then a further decrease in volume is caused by the removal of a sample 
for analysis. This would seem to preclude a crucial experiment as volume is 
an important determinant. 2. It was desired to use a technique by which 
handhng of the loop could be avoided. 

In the experiments reported here a 75 cc. solution of a mixture of equal volumes 
of isotonic sodium cliloride and sodium sulfate was introduced into the lower 
twelve inches of the ileum of the dog and removed after a certain interval for 
analyses. Then a fresh solution was introduced for the next trial, etc. Chloride 
was determined by the Volhard-Harvey titration method and sulfate by the 
method described by Koch (9). 


TABLE 1 


Absorption of sugars in one hour 


! 

EXPT. 

SUGAR 

NO. 

RATS 

AV. WT. 

AMT. 

FED 

AMT. 
ABS. 
PER 
200 GM. 

BODY 

■WT, 

COEF. 

OP 

VARIA. 

MGM. 
ABS. PER 

cm2 

BODY 

SURFACE 

COEP. 

OF 

VARIA. 

I 

1 

25% corn syrup 

9 : 

gm. 

147 

mgm. 

519 

mgm, 

246 

10.5 

1.708 

10.5 

II 

25% sweetose 

9 

126 

495 

323 

17.9 

2.090 

11.8 

III 

25% glucose 

s 

125 

522 ■ 

248 

19. ’4 

1.602 

^55.8 

IV 

25% sucrose 

8 

119 

484 

259 

24.9 

1.628 

20.6 

V 

25% corn syrup; 0.1% hex. res. 

9 

130 

506 

198 

14.5 

1.600 

11.1 

VI 

25% sweetose; 0.1% hex. res. 

9 

117 

552 

252 

13.4 

1.313 

13.1 

VII 

25% corn syrup; 0.1% pinacol 

9 

110 

475 

209 

24.9 

1.286 

22.2 

VIII 

25% corn sj'rup; 0.1% calgon 

7 

117 

509 

2S6 

20.6 

1.730 

21.9 

IX 

25% glucose; 0.1% hex. res. 

9 

116 

50S 

257 

21.4 

1.472 

14.3 

X 

25% sucrose; 0.1% hex. res. 

7 

136 

418 

160 

11.1 

1.063 

11.2 


It must be pointed out that all of these experiments deal vith apparent 
absorption because the secretion that is going on at the same time as the absorp- 
tion was not taken into account. 

The equation of Ingraham et al. (8) describing the concentration of chloride 
in an ileal loop is 



where = the original volume of the solution in liters, 

Cc = the original concentration of sodium chloride in the solution in 
millimoles per liter, 

V, C = the volume and concentration at any time in the same units, 
Ri — the rate of flow of pure water into the intestine from the blood 
in liters per hour and 

D = the rate of volume decrease in liters per hour. 

Table 2 was compiled in order to test the validity of the equation. In some 
cases another substance was added to the salt solution and these are also indi-' 
cated in the table. 
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Considerable difficulty was encountered in choosing a value for R,. In one 
paper (8) Ingraham, Peters and Visscher stated that this value ranged between 
0.150 and 0.250 1. per hour, but in another paper (10) Ingraham and Visscher 
claimed that the value -ranged around 0.030 1. per hour. Using their own data 
from the latter paper Ri was calculated to be 0.250 1. per hour. This value 
for Ri as well as 0.025 and 0.100 was used and compared in table 2. 


TABLE 2 


Test of diffusion theory for chloride absorption 


ADDITIONAL SUBSTANCE 
PRESENT 


Vo 

r 

Co 

Ri in 

0.250 

1 / hr . 

0.025 

j 

0.100 

Ob- 

served 

C==KV 

Kr=m 

0.005M 

hours 

liters 

liters 

7nM/l. 

mhI/1. 

mM/l. 

mini. 

mM/l. 

viM/l. 


X 

0.075 

0.042 

76 

7.7 

61.0 

31.3 

36.7 

33.6 


h 

0.075 

0.040 

76 

7.6 

60.5 

30.5 

33.3 

32.0 


•i 

0.075 

0.071 

76 

14.0 

63.6 

38. 4 

54.1 

56.8 

Quinine 

X 

2 

0.075 

0.057 

76 

11.5 

62.9 

35.7 

63.9 

50.6 

\ 

0.075 

0.045 

76 

7.8 

61.3 

33.3 

46.2 

36.0 


h 

0.075 

0.064 

76 

11 . S 

63.1 

36.0 

81,9 

51.2 


i 

0.075 

0.053 

76 

10.8 

62.4 

34.7 

49.8 

42.4 

Calgon 

1 

2 

0.075 

0.052 

76 

11.0 

62.1 

35.0 

48.1 

41.6 

i 

0.075 

0.061 

76 

11.8 

63.1 

36.0 

47.0 

48.8 

Ca’gon 

i 

0.075 

0 . 05 S 

76 

11.1 

62.5 

35.0 

43.9 

46.4 


i 

0.075 

0.041 

76 

7.7 

61.0 

31.4 

45.6 

32.8 

Aerosol O.T. 

i 

0.075 

0.069 

76 

7.7 

74.6 

70.6 

63.9 

55.2 


1 

2 

0.075 

0.065 

76 

7.7 

74.8 

73.3 

63.6 

52.0 

Pinacol 

1 

0.075 

0.063 

76 

7.7 

74.6 

70.6 

49.5 

50.4 


X 

2 

0.075 

0.055 

76 

10.4 

62.1 

34.4 

42.5 

44.0 

Methyl salicylate 

1 

2 

0.075 

0.059 

76 

12.2 

63.2 

35.4 

47.0 

47.2 


2 

2 ' 

0.075 

0.056 

76 

11.4 

62.8 

35.3 

41.7 

44.8 

Quinine 

1 

2 

0.075 

0.060 

76 

11.9 

63.1 

36.0 

46.2 

48.0 


1 

0.075 

0.029 

76 

1.6 

51.8 

16.3 

19.8 

23.2 


1 

0.075 

0.027 

76 

4.6 X 10-1 

45.6 

9.9 

21.4 

21.6 


li 

0.075 

0.018 

76 

6.2 X 10-3 

23.6 

1.8 

11.9 

14.4 


Calgon = sodium hexametaphosphate. 
Aerosol O.T. = dioctyl sodium sulfosuccinate. 
Pinacol = tetramethyl glycol. 


It is endent that the concentration of chloride in ileal loops is brought to a 
very low level and this part of their findings is confirmed. An investigation, 
hon ever, of theii mosaic theory indicates that the phenomena of absorption and 
secretion are far too complicated to make their simple assumptions. It is true 
that a rough paraUelism was found between the volume of the solution in the 
loop and its chloride concentration. In these experiments the follonung simple 
equation was found to be even more accurately supported by the data. 

C = KV where K = 800. 
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A test of this equation is also given in table 2. From the equation, however, 
no theory concerning a mosaic structure and differential permeability can arise. 
It is purely empirical and gives no hint as to the mechanism of absorption. 

b. The effect of various sxihstances on the absorption of chloride and sulfate. 
The consensus of opinion among ph 3 '^siologists seems to be that water and 
electroljdes are absorbed from the intestine bj’’ simple osmosis and diffusion. 
That there is a special mechanism, however, for the absorption of these sub- 
stances, as well as for organic molecules, ivas pointed out by Peters and Vis- 
scher (15). Using DjO and NaCl thej’' found that the former leaves the gut in 
the direction of, and the latter against the direction of their respective diffusion 
gradients at rates which approach equalit 3 ^ Since NaCl should diffuse more 
.slowty than DoO it was inferred that the two are moved b 3 '^ the same mechanism. 

In an attempt to find out something about this mechanism, use was made of a 
number of compounds which influence the absorption of insulin from the intes- 
tine (5). The procedures emplo 3 '^ed were exactl 3 '' the same as those preinousty 
described with the exception of the addition to the solution of the test substances. 

TABLE 3 


Ahsorpiion in one-half hour of chloride and sulfate {in millimelers) from the lower ileum 

of the dog 


X 

NO. OP ! 
EXPTS. 

. i 

Cl NOR- 
3HALLY 
ABSORBED 

Cl ABD, 

■S\-1TH X 

S04 NOR- 
MALLY ABD. 

SOt ABB. 
WITH X 

0.005 hex. res 

7 i 

2.51 


0.77 

1.56 

0.005 NHiSCN 

6 

2.45 


0.57 

0.47 

0.005 aerosol O.T 

6 

2.46 


0.66 

0.74 

0.005 pinacol 

6 

2.43 

2.33 

0.66 

0.54 

0.005 calgon 

6 

2.58 

2.64 

0.85 

0.83 

Sat’d meth 3 ’'lsalicj’'late 

6 

2.43 

2.42 

0.66 

0.87 

Sat’d quinine 

6 

2.43 

1.59 



It is to be remembered that the imposition of extraneous factors on absorption 
is purel 3 ’’ of an exploratoiy nature, and, until more is known about normal action, 
the data obtained are extremeb^ difficult to interpret. A reference to table 3, 
however, brings out at least one definite fact: hex 3 dresorcinol inhibits the 
absorption of chloride and promotes the absorption of sulfate. Since hex}^ 
recorcinol inliibits the action of pepsin, trypsin, and erepsin (5), is it possible 
that it inhibits some organic factor responsible in part at least for the movement 
of chloride to and from the mucosa? If so, could the factor be carbonic 
anlydrase? 

An attempt was made to answer this question b 3 '’ poisoning carbonic anlydrase 
with ammonium thioc 5 '’anate. It can be seen from table 3 that this com- 
pound cuts down the absorption of chloride by more than 50 per cent. The 
thioc 3 mnate was introduced into the loop along mth the salt solution, and due 
account was taken for the amount left in the loop by a colorimetric determination. 

On the other hand it must be remembered that Hober, Andersh, Hober and 
Nebel (14) found that hex 3 d resorcinol depolarized membranes of muscle and 
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nerve and postulated that the compound brought about a structural reairange- 
ment of the surface-membrane. It is possible that this rearrangement accounts 
in part for a decreased chloride absorption. 

Quinine, which has a poisonous effect on protoplasm, cut down the absorption 
of chloride, and Aerosol O.T., a surface tension lowering agent, also decreased 
absorption but not nearly so much as hexylresorcinol. 

The reason for an increased sulfate absorption in the presence of hexylresor- 
cinol is even more difficult to explain. On the basis of osmosis it can be argued 
that a high chloride concentration would thermodjmamically predispose a com- 
pensatory removal of sulfate. But, out of forty-seven freezing point deter- 
minations, forty-four showed that the net transfer of substances in mols was 
from the blood into the loop. It is evident, therefore, that simple diffusion also 
will not explain the movement of sulfate. 

Enzyme studies. In view of the finding that hexylresorcinol inhibits pepsin, 
tiypsin and erepsin and the possibilitj'- that it ma}’^ influence absorption bj'^ this 
action, it was decided to test the effect of the compound on steapsin, the sac- 

TABLE 4 


Effect of hexyl resorcinol and amnionhtm thiocyanate on enzyme activity 


EN2VME 

SUBSTANCE ADDED 

1 

% INACTIVATION 

Steapsin 

Hex. res. 

1 0 

Amylopsin 

Hex. res. 

98 

Diastase 

Hex. res. 

96 

Invertase 

Hex. res. 

0 

Carbonic anhydrase 

Hex. res. 

75 

Carbonic anhydrase 

Am. thiocy. 

I 100 


charide-splitting enzymes and carbonic anhydrase. The results are given in 
table 4 along vith the effect of ammonium thiocyanate on carbonic anhydrase. 

Discussion. The studies on syrup and sugar absorption bring out several 
points in regard to the factors which control it. The lowering of surface tension 
udll not bring about an increase in absorption of glucose as was shown by the 
ineffectiveness of hexylresorcinol, which lowers the surface tension of water 
from 73 to 27 dynes/cm. As a matter of fact, this compound caused an inhibi- 
tion in most cases. This inhibition was always present where an enz 3 ^matic 
hydrolysis of the sugar or syrup was concerned. However, in one case hex 3 d 
resorcinol inhibited the absorption of sucrose, but in vitro studies .show that 
it does not interfere \rith the activity of invertase. As was concluded before, 
(5) hexylresorcinol must have some effect on absorption aside from its inhibitor 3 ' 
action on enz 3 'mes. 

Pinacol, another compound with a hydrophobic and a hydrophilic group, does 
not influence the absorption of corn syrup. It has already been shoum (5) that 
these groups must be specific for each type of molecule to have any effect 
on absorption, and the present obsenmtion is a confirmation of this finding. 

It was somewhat of a surprise to find that calgon was irithout influence in 
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corn syrup absorption. This conapound is very effective in removing calcium 
ions (11) which, according to Gardner and Burget (12) inhibit the absorption 
of glucose. However, McDougall and Verzar (13) using a special diet reduced 
the blood serum calcitun of rats to 60 per cent of the normal amount and found 
no change in the absorption of glucose. The results reported in this paper 
confirm the latter finding even though the experimental techniques were quite 
different. 

The studies on chloride and sulfate absorption confirm the observation of 
Burns and Visscher (7) that cliloride, in the presence of a polyvalent anion, 
leaves the gut against a considerable concentration gradient; but the data do 
not allow an agreement vnth the differential permeability theory of Ingraham, 
Peters and Visscher (8). On the other hand, it appears that some special bio- 
logical agent or structural arrangement is responsible for the absorption of elec- 
trolytes as well as for other substances. 

SUMAIARY 

The absorption of sugar falls off with time as determined by the Cori tech- 
nique, but it is doubtful if this method comes close enough to a normal physio- 
logical condition to place much value on the data obtained. 

Lowering the surface tension mil not promote the absorption of glucose. 

Hexylresorcinol inhibits amylase and diastase of malt but not invertase. 

The removal of calcium ions in the intestine does not affect the absorption 
of glucose. 

In the presence of the divalent sulfate ion, the univalent chloride ion rapidly 
leaves the intestine. 

The data do not agree mth the theory of Ingraham, Peters and Visscher on 
the absorption of electrol 3 des. 

The concentration of chloride in the intestine runs parallel to the volume of 
the solution which contains it if the sulfate ion is present. 

Hexylresorcinol, ammonium thiocyanate, aerosol O.T. and quinine inliibit 
the absorption of chloride, while the former increases that of sulfate. 

Hexylresorcinol and ammonium thiocjmnate inhibit the activit 3 ’’ of carbonic 
anhydrase in vitro and both also lower the absorption of chloride. It would 
seem, therefore, that there is a special mechanism for at least a part of chloride 
absorption and that carbonic anhydrase may be involved, along with a certain 
structural arrangement favorable for the absorption of the ion. 

The absorption of sulfate is likewise partly dependent upon some biological 
agent not yet investigated. 
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Rabat, jMagoun and Ranson (1935) found that punctate stimulation of the 
interior of the h 3 ’'pothalamus with current from an inductorium regular^ caused 
a rise in blood pressure and regarded this as evidence that the hypothalamus 
contained a sjunpathetic center. Similar stimulation of the forebrain imme- 
diately in front of the hypothalamus regularlj’^ caused falls in blood pressure. 
Stimuli of the same kind applied to certain definite parts of the medulla caused 
rises in blood pressure and when applied to other parts of the medulla caused 
falls (Wang and Ranson, 1939). For convenience of reference we shall refer to 
the regions, yielding significant rises in blood pressure under the conditions of 
the experiments mentioned, as pressor areas. However, the recent work of Hare 
and Goehegan (1941) and of Bronk, Pitts and Larrabee (1940), showing that a 
change in frequency of stimulation can alter the direction of blood pressure 
change, resulting from activation of a single point in the forebrain, requires a 
reconsideration of the relation of both frequenej’’ and location of stimulation to 
the direction of the vasomotor responses. 

Methods. Brief electrical pulses of constant form from the transformer 
output of a relaxation-oscillator (containing a 0.05 mfd. condenser which dis- 
charged through an 884 tube tripped at 200 volts and through a 200 ohm poten- 
tiomer tapped by the primarj'^ of a General Radio 578-A, air-core transformer) 
were delivered at rates between | and 300 per second through bipolar nichrome 
electrodes (| mm. separation) oriented within the brain bj’- means of a Horsley- 
Clarke instrument. With this instmment the electrodes could be accurately 
placed and then held rigidlj’^ at one point while the responses from that point 
were tested with various rates of stimulation. In each brain the reactions from 
many points were recorded. 

Simultaneous oscillographic and kymographic records were made of the 
cardiovascular responses. Cathode-ray oscillograms of the electrical activity 
of the left inferior cardiac nerve were made after the nerve had been exposed by 
resection of the upper left ribs. The arterial blood pressure was recorded from 
the carotid or femoral artery by mercury or membrane manometers. Such 
records were made during stimulation of the hypothalamus in 22 cats and of the 
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medulla in 16 additional cats. In 28 others only oscillograms were made. In 
these, single or double shocks were delivered to the hypothalamus or medulla to 
study the characteiistics and after-effects of the induced activity as recorded 
from the left inferior cardiac nerve. In 16 of these animals, the sciatic nerve 
was also stimulated with single and double pulses. In these experiments photo- 
graphs were made of single sweeps which were sjmchronized with stimuli bj^ 
trip circuits. 

Either chloralosane or urethane was employed and the dosages varied to give 
light or deep anesthesia in order to mle out the depth of anesthesia as a signifi- 
cant factor in the results. Following each experiment, the cat was perfused with 
10 per cent formalin, the brain removed, and the portion used in the experiment 
(forebrain or medulla) prepared for microscopical study and localization of the 
points stimulated. 

Results. Two types of reversals of blood pressure responses. Throughout 
most of the hypothalamus proper stimulation at rates of 5 or more per second 
and at anj'^ effective voltage (usually above one volt) resulted in a rise in arterial 
blood pressure. Stimulation of the same points, without moving the electrodes, 
produced falls when the rate was below 5 per second, providing the voltage was 
sufficiently high, 10 peak volts or more as measured on the oscillograph. With 
lower voltages no depressor reactions could be elicited from these points. We 
shall refer to these as low frequenc 3 " reversals because the change in direction of 
response occurred at the low critical frequencj’’ of about 5 per second. Figure 
1 A shows that stimuli at 24 peak volts and a rate of 42 per second applied to a 
point in the hypothalamus caused a sharp rise in blood pressure and that at the 
same point stimuli at the same voltage but at a rate of onlj'- 4 per second produced 
an almost equally sharp fall. On repetition of these tests with lower voltages 
the same differences in response reappeared. The latent periods were short for 
the depressor as well as for the pressor responses. 

Low frequencj’^ reversals were also obtained from those parts of the medulla 
which, according to Wang and Ranson (1939), consistent!}’’ 3 delded pressor re- 
sponses when stimulated with an inductorium. They resembled in every respect 
the low frequency reversals obtained from the hypothalamus. Frequentl}^ rises 
of more than 60 mm. Hg were com^erted into falls of more than 20 mm. Hg. 
Figure 2 shows that with stimuli at 20 peak volts and at frequencies of 14, 26 
and 45 pressor responses were obtained which increased stepwise with increasing 
frequenc 3 L When the same point was stimulated at the same voltage but at 
rates of 2.8 and 2.4 per second, falls in blood pressure promptl}’’ occurred. 

A different t3q3e of reversal was obtained from regions bordering on the h 3 ^po- 
thalamus and from parts of the medulla surrounding the pressor areas. Since 
the critical frequencies, at which these changes in direction of the vasomotor 
responses occurred, ranged between 10 and 150 per second, they may be desig- 
nated as high f requenc}' revereals. Figure 1 B shows that a point j ust in front of 
the h3^pothalamus in the preoptic region yielded a slight fall in blood pressure 
when sLimilated with 32 peak volts at a rate of 14 per second. The same point 
with stimuli at the same voltage but at rates of 28 and 42 per second gave rises in 




Fig. 1. Two kymograms of the blood pressure responses elicited by stimulation at vari- 
ous frequencies of two regions of the forebrain. A. Low frequency reversals obtained from 
a point within the hypothalamus 0.5 mm. left of the midline immediately dorsal to the 
mammillary bodies. From this point pressor responses were elicited with frequencies above 
o per second and depressor responses were found with frequencies below 5 per second. B. 
A high frequency reversal obtained at a critical frequency between 14 and 28 per second 
from a point in the preoptie region 1 mm. to the right of the midline just rostral and ventral 
to the anterior commissure. Tracings were made with a membrane manometer and time 
was in 6 second intervals. 
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Fig. 2. A low frequencj^ reversal elicited from a point in the reticular formation medial 
to the nucleus of the spinal tract of the fifth nerve and ventral to the tractus solitarius at 
the level of the rostral half of the inferior olivary nucleus. The kymogram shows the blood 
pressure responses to various frequencies of stimulation at 20 peak volts intensity. The 
continuously recorded oscillograms a and b show the electrical activity in the left inferior 
cardiac nerve taken simultaneously with the early phases of the responses at a and b of 
the kymogram. In the oscillograms the onset of the stimulation is indicated by a large 
arrow; in h each stimulus is marked with a small arrow. Blood pressure tracings were 
made with a mercury manometer. 
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blood pressure. The critical rate in these high frequency reversals was subject 
to considerable change with slight shifts in the position of the electrode oi with 
changes in the intensity of stimulation. The intensitj'- required was not fixed 
within any definite range and varied from point to point from below one to 10 oi 
more peak volts ; however, the intensit 3 ’- and the critical frequency were not inde- 
pendent, and it was noticed that an increase in stimulus intensity lowered the 
■critical frequency. These reversals could be produced by changes in voltage as 
well as by changes in f requeue ju Figure 3 shows that a point in the medulla 
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Fig. 3. A high frequency reversal elicited from a point in the medulla 1 mm. to the left 
■of the midline and immediately dorsal to the inferior olivary nucleus at the middle of its 
rostro-caudal extent. The kymogram shows the blood pressure responses to various 
frequencies and intensities of stimulation. The continuously recorded oscillograms, a and 
h, are records of the electrical activity in the left inferior cardiac nerve taken simultaneously 
with the early portions of the depressor and pressor responses at a and h of the kymogram. 
The onset of stimulation is indicated by large arrows in the oscillograms. The electrical 
activity throughout the entire stimulation period of b continued to increase as it does dur- 
ing the first 4 seconds. 


near the midline and immediatelj’- dorsal to the inferior olivaiy nucleus 3delded 
R change from a depressor to a pressor response produced b 3 '- shifting the fre- 
quency from 25 to 96 per second at 20 volts. This reversal could be duplicated 
bi' changing the voltage from 10 to 20 volts while fixing the rate at 96. The 
depressor response to stimuli of 20 volts at 25 per second was complicated by 
R brief initial pressor deflection which was not elicited by stimuli of 10 volts at 
the same frequency. The initial pressor deflection was also introduced by 
changing the frequency from 25 to 96 at 10 volts. In this re.spect the high 
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frequency reversals differed from the low frequency reversal in which change 
of intensity altered only the magnitude of the response and not its direction. 
The initial rise which in some cases preceded the fall caused a lag in the appear- 
ance of the depressor reaction. 

Location of points from which each of the two types of reversals were obtained. 
On drawings of two representative sections through the forebrain the low 
frequency reversals have been plotted as solid circles the size of which represents 
the extent of the fall in blood pressure (fig. 4). High frequency i-eversals have 
been plotted as solid squares. Solid triangles indicate points which gave onl}^ 




Fig. 4. The distribution of blood pressure reversals from the forebrains of 22 cats. A is 
a drawing of a representative section in the plane of the Horsley-Clarke instrument at the 
level of the tuber. 5 is a similar drawing at the level of the anterior commissure. The 
solid circles show low frequency reversals, the solid triangles indicate high frequency de- 
pressors, and the solid squares show high frequency reversals. All reversals represented 
by circles or squares contain pressor phases greater than 10 mm. The magnitude 
of the low frequency reversals is indicated by 3 sizes of circles indicating 3 ranges graded 
with respect to the size of the depressor phase. Thus the ranges are from 1 to 9 mm. Hg, 
10 to 19 mm., and 20 mm. or more. The magnitude of the low frequency depressor responses 
is indicated by triangles of 3 sizes representing depressor responses of the same ranges indi- 
cated for low frequency reversals. 

depressor reactions with stimuli within the ranges of strength and frequenc}^ 
employed in these experiments. For brevit 3 '^ the.se will be referred to simpb'^ a.s 
depressor reactions or depressor points. 

Points jdelding low frequenct" reversals were distributed widelj" through the 
hj^pothalamus proper but not in the surrounding structures. Stimulation of 
these points at rates above 5 per second jdelded pressor responses and their 
distribution corresponds fairly closelj”^ with the pressor areas described by Kabat, 
Magoun and Ranson (1935). 

In the medulla oblongata points jdelding low frequcncj' reversals were limited 
to those parts of the reticulai- formation of the medulla which were designated 
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Wang and Ranson as pressor areas. In 16 cats 83 points yielding such re- 
versals were obtained at levels between the rostral and caudal ends of the infeiioi 
olivary nucleus. The surrounding structures in the medulla such as the olive, 
restiform body, vestibular nuclei and medial lemniscus did not give such re- 
versals. 

From areas surrounding the hypothalamus anteriorly (preoptic region), 
dorsally (thalamus), laterally (internal capsule), and ventrally at the surface of 
the brain, depressor responses were obtained with stimuli at rates relatively high 
with respect to 5 per second and usually throughout the entire frequency range 
of the stimulator. But at a few points in these regions surrounding the hypo- 
thalamus the falls could be converted to rises in blood pressure by increasing the 
rate of stimulation (critical frequency 10 to 150 per second). As shown in 
figure 4, these high frequency reversals occurred at points closely associated 
with others from which only depressor reactions were obtained. Like the de- 
pressor reactions, the high frequenc}'^ reversals were obtained from points anterior 
to the hypothalamus and from other points in areas surrounding the hypo- 
thalamus but never from the hypothalamus proper. The number of points 
yielding high frequency reversals was small in comparison to those giving low 
frequenc}'^ reversals. 

In the medulla depressor responses and occasional high frequency reversals 
were elicited by stimulating points surrounding the area from which pressor 
reactions and low frequency reversals were obtained. Thus depressor reactions 
were obtained from the spinal vestibular nucleus, the olive, and the medial 
lemniscus. At a few of the depressor points raising the frequency of the stimu- 
lation to even higher rates caused the blood pressure to respond with a rise, thus 
constituting a high frequency reversal. At all of those reversal points tested at 
the boundaries of the medullary pressor regions increasing the intensity of the 
stimulation produced reversals similar in all respects to the effect of increasing 
the frequency. Similar intensity reversals were also found in the hypothalamus. 

Electrical activity of the inferior cardiac nerve during reversah. The records of 
the electrical activity which were taken during the low frequency reversals from 
the hypothalamus and medulla showed changes in the level of activity in the left 
inferior cardiac ner\^e which were associated with the blood pressure responses. 
With stimulation at rates above 5 per second the rise in blood pressure was ac- 
companied by a corresponding increase in both the size and frequency of the 
electrical fluctuations (fig. 2 a). The fall in blood pressure with the lower 
stimulus rate was associated with a general decrease in the activity (fig. 2 b). 
Although the general appearance of the record during the depressor phase was 
that of lowei- activity, it was noticed that the decrease in activity consisted of an 
abolition of the tonic impulses or normal activity while each stimulus, with the 
exception of the first few, was followed by a spike which presumabR" represented 
an accelerator impulse. At critical frequencies near 5 per second, the appearance 

of the induced sjiikes gave the impression that they compensated for the loss of 
tome activity. 

The oscillograms associated with the high frequency reversals from areas sur- 
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rounding the hypothalamus and from the medulla showed an increase in activity 
during the rising phase of the I’eversal (fig. 3 b), and a general decrease during 
the falling phase (fig. 3 a). 

The results of single or double stimuli to either the medulla, hypothalamus, or 
sciatic nerves are illustrated in figure 5. With a single strong shock, a large 
spike of about 200 microvolts’ amplitude appeared in the inferior cardiac nerve 
about 75 msec, after stimulating the medulla and about 100 msec, after stimulat- 
ing either the hypothalamus or the sciatic nerve. Certain other features were 
found consistentljE The level of activity in the nerve before the passage of the 
spike was lowered below the level of detection for about 500 msec, during 
the interval immediate!}’- following the appearance of the spike (fig. 5, A, C and 
E). When a second stimulus was introduced (fig. 5, B and D), the magnitude 
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Fig. 5. Single sweep records of the electrical activity of the left inferior cardiac nerve 
during single and paired stimuli. Single stimuli at 10 volts were delivered to the lateral 
hypothalamic area at the level of the tuber in A, to the sciatic nerve in C, and to the reticu- 
lar formation of the medulla in E. Paired stimvUi separated by 210 msec, were delivered 
to the hypothalamus in B to the same spot as in A. Similarly, D was recorded while 2 
stimuli separated by 280 msec, were delivered to the sciatic nerve. Time as 60 cycle waves 
is shown in F. 
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of the induced spike varied with the time separation between the stimuli. Start- 
ing at the end of the absolutel}' refractoiy period at about 70 msec, with either 
h 3 '^pothalamic or medullary stimulation or at about 160 msec, with sciatic 
stimulation, the magnitude of the second response recovered at a logarithmicall}’ 
decreasing rate. Thus, a single strong shock to either the medulla, hj’-po- 
thalamus or sciatic had a long lasting disruptive effect upon either tonic or 
artificial e.xcitatory influences. 

Reversal of pupillary responses. Frequency reversals of the pupillary responses 
were elicited from the forebrain and midbrain, but these were limited to a few 
regions adjacent to those concerned with the light reflex (pretectal region, optic 
tract and chiasma). Throughout the rest of the hypothalamic stnictures no 
such conversions were found. The critical frequencies were varied and high and 
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were greatly influenced by the intensity of the stimulation which suggests a 
parallel with the high frequency blood pressure reversals which were also found 
in only a few limited regions with high critical frequencies and with intensity 
playing a large role in the conversion. Further data concerning the pupillary 
reactions elicited from the fore- and midbrain have been published by Hodes 
andMagoun (1942). 

Discussion. Inspection of the records published bj’’ Hare and Geohegan 
(1941) indicates that they obtained reversals of the high frequency type from 
the border of the hypothalamus or from structures surrounding it. From their 
conclusions one may infer that the number of points, which they found yielding 
this type of response, was not very large. They did not report low frequency 
reversals. In fact the voltage of their stimuli was too low to produce them. The 
record published by Bronk, Pitts and Larrabee (1940) seems to be that of a 
typical low frequency reversal obtained from the lateral hypothalamic area. 

The location of the points yielding low frequencj’- reversals in the pressor 
areas of the hypothalamus and medulla, and of those yielding high frequency 
reversals in the surrounding areas, reinforces the evidence for the specificity of 
these pressor areas. The fact that under the special conditions described a 
depressor response can be obtained from such an area does not invalidate this 
specificity. 

The electrical records, both continuous and with single sweep, suggest that the 
falls in blood pressure associated with low frequency reversals are the result of 
the disruptive effect of the stimulus upon the tonic activity of the cardiovascular 
nerves, which masks the excitatory effects of the stimulus, if the rate of stimu- 
lation is low enough. However, the disruptive effect need not be assumed to 
occur at the point stimulated but may manifest itself lower in the sympathetic 
pathwaj'^s, perhaps at the spinal centers. 

■ Since the high frequencj^ reversals from falls to rises in blood pressure, ob- 
tained from points around the pressor areas, can be elicited by increasing the 
strength of the stimulus as well as by increasing the rate, it seems probable that 
a spread of excitation to the pressor areas may be responsible for the pressor 
responses. Although it maj'' be true that the spread of voltage remains un- 
changed through changes of the rate of stimulation, the possibility that the 
effective physiological spread through a center may be different at various fre- 
quencies of stimulation has not been ruled out. Indeed, the increased response 
to higher frequencies might indicate that the changes invoked bj^ intensity 
increase may be mimicked bj^ frequencj'^ increase. 

SUM5LARY 

1. Two types of blood pressure reversals were found on stimulation of either 
the hypothalamus or medulla. Low frequency reversals which showed a con- 
vei-sion from a fall to a rise in blood pressure occurred when the rate rose above 
6 per second. High frequency reversals occurred at critical stimulus rates 
between 10 and 150 per second. 

2. Within the forebrain, low frequency reversals were distributed vdthin the 
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boundaries of the hypothalamus proper while high frequency reversals were 
limited to structures closely surrounding the hypothalamus anteriorly, dorsally, 
laterally and ventrally. 

3. Within the medulla oblongata at levels of the inferior olive, low frequency 
reversals were distributed within the reticular fonnation while high frequency 
reversals were limited to structures such as the medial lemniscus, the vestibular 
nuclei, the restiform body, and the inferior olivary nucleus. 

4. Electrical records taken during the reversals showed that the direction of 
the blood pressure response was related to a rise or fall in the activity of the 
inferior cardiac nerve. 

5. Single sweep electrical records with single or paired stimuli to the hypo- 
thalamus, medulla or sciatic nerve not only showed the excitatoiy spike elicited 
by the stimulus, but demonstrated the disruptive effect of a strong shock upon 
the background activity, either normal or induced, in the inferior cardiac nerve. 
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Numerous cholecystographic studies in pregnant women have shown, for the 
most part, a delay or incompleteness in emptjdng of the gall bladder (cf. Schae- 
fer 1933 for references). Moreover, in a beautifully executed series of experi- 
ments, Gerdes and Boyden (1936, 1938) found normal gall-bladder emptying 
during the first trimester, a mai’ked retardation in evacuation during the latter 
two-thirds of pregnancy, and a return to normal post parium. 

The factors which bring about this slovfing of gall-bladder evacuation during 
pregnancy are not well understood. Mann and Higgins (1927) reported that 
the gall bladders of pregnant animals failed to empty in response to a fat meal. 
Since insertion of paraflln into the uterus after the termination of pregnancy 
did not prevent a return to noi-mal gall-bladder evacuation they concluded that 
the effect was not caused by mechanical obstruction of the biliary tract. Smith, 
Pomaranc and I'\’y (1941) found a diminished response of the gall bladder when 
cholecystokinin was injected into pregnant guinea pigs, and that evacuation 
retmned to normal a few da 3 ’-s post partum. However, in vitro experiments 
showed essentially no difference in response when the gall bladders of non-preg- 
nant, pregnant and experimental^ injected animals were tested. 

The purposes of the present investigation were to examine the sex hormones 
as causes for the failure of evacuation and to search for the site of action of the 
inhibitorj’’ factors. 

Methods. Mature female guinea pigs weighing 550 to 850 grams were used. 
These were dhnded into five groups: 1, normal, non-pregnant females; 2, preg- 
nant females; 3, females 1 to 5 da 3 ’-s post partum] 4, ovariectomized females; and 
5, ovariectomized females injected with estrin (Progynon B, Sobering), or pro- 
gesterone (Proluton, Schering), or both. 

The animals were given no food for 24 to 48 hours before use. Under dial 
anesthesia (0.6 cc. per kgm. intraperitonealty) a tracheal cannula for artificial 
respiration was inserted, a femoral vein was prepared for injection, and the gall 
bladder was e.xposed by a midhne abdominal incision. Animals in which the 
gall bladder was contracting or was not well filled were discarded. Altogether, 
73 satisfactor 3 ’ experiments were done. 

The effect of a test dose of 1.0 mgm. choleC 3 '^stokinin (S.I. of Greengard and 
Ivy, 1938) was then observed. The degree and speed of contraction were es- 
timated from measurements of the principal diameters of the gall bladder and 
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from gross appearance. During complete contraction of a well-filled gall blad- 
der the fundus decreases from about 1.5 to 0.5 cm. in diameter. At the same 
time, the smooth translucent wall becomes opaque and finely nodular as areas 
of contraction develop and merge. Blood vessels, originally nearly straight, 
become increasingly tortuous. It is relativelj’- easy, therefore, to recognize a 
contraction which is delaj'^ed in onset or incomplete in extent. In the present 
experiments responses are classified as “poor” when less or slower than that seen 
in the majority of control animals. In the remainder the response was classified 
as normal. 

After observation of the initial contraction to a test dose of choIec 3 ''stokinin, 
the common bile duct was cannulated in 20 animals from the various groups. 
A no. 17 transfusion cannula with a metal bead near the tip was inserted through 
a nick in the duct and tied in place mth a silk ligature. The cannula was con- 
nected through a 3-way stopcock to a water manometer and to a 5 cc. graduated 
pipette. The pipette was held in a horizontal position. As the bile flowed 
outward, its rate of flow could be read in hundredths of a cubic centimeter per 
minute. By raising or lowering the clamp holding the pipette, the pressure in 
the system could be adjusted to any desired level. In the present experiments 
the pressures employed were between 4.5 and 6.0 cm. of water, as recommended 
by Doubilet and Ivy (1938). 

We were unable to occlude the numerous hepatic ducts vdthout either manipu- 
lating the gall bladder unduly or interfering wth the flow of bile from the cj'^stic 
duct. Consequent^’’, there was a constant flow of hepatic bile into the pipette, 
to which was added the flow of cystic bile when contraction of the gall bladder 
occurred. It was found, however, on clamping the cystic duct and recording 
only the hepatic bile, that its rate of flow did not change appreciably when cho- 
lec 3 ’stokinin was injected. It seems reasonable to assume, therefore, that the 
increased rate of flow observed when the cj’stic duct was open represents quan- 
titativelj’ the added component from the gall bladder. 

The chief advantage of cannulation is that it permits studj’’ of the gall bladder 
and the sphincter of Oddi separately -without many of the practical and theo- 
retical objections to in vitro experiments. A further advantage is that quan- 
titative estimates of gall-bladder responses are possible. Since in the present 
experiments, however, a test dose of cholecj’stokinin alwa 3 ’s was given prior to 
cannulation, it was felt that the possible “priming” effect of the initial injections 
might obscure the quantitative aspects of the results. Nevertheless, in each 
group of animals, data from cannulation experiments were qualitatively con- 
sistent vith data obtained b 3 ’' previous direct observation of the gall bladder 
in the same animal. 

Results. A. Normal control animals. In 12 of the 14 animals in this group 
the gall bladder contracted noiTnalty follov’ing a single injection of cholecys- 
tokinin. No patholog3’- was evident in these animals at autops3L In the re- 
maining two, contraction was poor. One of the latter animals had large ovanan 
C 3 ’sts, multiple C 3 ’stic tmnors in the uterine wall, and a large fungating tumor in 
the stomach. The other animal whose response was poor had a gall bladder 
larger than an5’’ other we have ever seen in a guinea pig. It was flaccid, it ex- 
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tended far down into the right flank, and showed httle change in volume even 
after repeated injections of cholecystokinin. 

B. Pregnant animals. In the 15 animals of this group contraction was normal 
in 5 and poor in 10. At the end of each experiment the uterus was opened and 
the length of the fetuses measured. The duration of pregnancy was then es- 
timated from the table given by Draper (1920) which correlates fetal length 
mth the duration. The 5 animals whose gall bladders had contracted normally 
contained fetuses 1.8 to 31.0 mm. long, indicating pregnancies of 14 to 32 dap. 
The remaining 10 animals contained fetuses .32 to 123 mm. long, indicating 
pregnancies of 33 to 64 days. 

C. Post parttim animals. Two animals, 24 and 30 hours post partum, respec- 
tively, showed poor emptying of the gall bladder. Two other animals, tested 
5 days post partum, showed normal gall-bladder evacuation when cholecysto- 
kinin was injected. 

D. Ovariectomized control animals. The 11 animals in this group were ovariec- 
tomized several days to several weeks before experiments were performed. Five 
of the group received daily subcutaneous injections of 0.5 cc. cottonseed oil for 
10 days. All 11 showed normal gall-bladder evacuation when cholecystokinin 
was injected. 

E. Ovariectomized, sex-hormone injected animals. 1. Estrin. Four animals 
received single injections of 50 (2 animals), 500 or 1000 I.XJ. estrin (Progynon B, 
Schering) one to three weeks after ovariectomj’’, and were tested 24 to 60 hours 
later. Five other animals received 7 or 8 daily injections of 50, 500 or 1000 l.U. 
and were tested the day following the last injection. Of the 9 animals, 3 showed 
poor emptying. There was no correlation between dose and degree of emptying, 
as one animal received a single injection of 50 I.U., the second a single injection 
of 1000 I.U., and the third 7 injections of 500 I.B. 

2. Progesterone. Nine ovariectomized animals received dail}’' injections of 
0.05 to 0.80 mgm. progesterone from 6 to 36 days. They were tested the day 
of the last injection. Of the 9 animals 4 showed poor evacuation and 5 were 
normal. As in the group injected with estrin, little correlation existed between 
effect and dose. Of the 4 animals showing poor evacuation one received 
0.05 mgm. for 6 days, one 0.10 mgm. for 6 days, one 0.40 mgm. for 14 days and 
one 0.80 mgm. for 11 days. 


3. Estnn arid progesterone. Six ovariectomized animals received daily injec- 
tions of 10 l.U. estrin and 0.05 mgm. progesterone for 1 to 9 weeks. Three of 
the 6 animals showed poor evacuation and 3 were noi-mal. Five additional 
animals were injected daily vith 50 l.U. estrin and 0.20 mgm. progesterone for 
3 to 7 weeks. All 5 showed poor emptjdng. 


Discussion. The present experiments demonstrate that the decreased gall- 
bladder motility of pregnancy can be reproduced in non-pregnant animals by 
suitable injections of ovarian hoimones. This demonstration provides addi- 
tional evidence that the altered function of the gall bladder of pregnancy is 
caused by humoral rather than mechanical factom. It is of interest that the 
gall bladder shows changes in response to the estrin and progesterone treatment 
comparable to the changes knovm to occur in the uterus and ureters. The 
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question is raised, therefore, whether the reactions of smooth muscle in general 
are changed by sex hormones. 

The deficient gall-bladder evacuation found in pregnant guinea pigs confirms 
the findings of Smith, Pomaranc and Ivy (1941) and is comparable uith the 
results of Gerdes and Bcj'^den {loc. cit.) in their study of pregnant women. 
Since retardation in emptying is observed after injection of cholecystokinin, it 
seems clear that the failure must be in the utilization rather than the production 
of the intestinal hormone. Moreover, the site of failure would seem to be in the 
gall bladder itself, since slowed and deficient contractions were observed after 
cannulation of the common duct, thus eliminating the sphincter of Oddi from 
consideration. The possibility .suggested bj’- Smith, Pomaranc and Iv}’- (1941), 
that inactivation of cholec 3 ’^stokinin in the blood stream might be speeded by 
altered metabohsm of the sex-hormone action, cannot be excluded, however, 
without experimental proof. 

The partial biUar 3 '’ stasis w^hich occurs during pregnanc 3 '^ results in a gall blad- 
der filled with concentrated bile. Little is knoivn about the effect of the bile 
composition upon gall bladder motility. Naturall 3 ’', a concentrated viscous bile 
might cause poor emptying, but this effect is a secondar 3 ^ rather than primar 3 '’ 
disturbance. Moreover, it has repeated^ been observed in the present experi- 
ments that the refilled gall bladder show's deficient contractions to a second or 
third injection of cholecystokinin. 

CONCLUSIONS 

1. A method for the cannulation of the common bile duct of the guinea pig 
is descilbed. 

2. Evacuation of the guinea pig gall bladder after intravenous injection of 
cholec 3 'stokinin is markedty diminished in rate and extent during the second 
half of pregnanc 3 '' and for a short time post parium. 

3. A similar deficienc 3 ' in evacuation occurs in ovariectomized guinea pigs 
after treatment with estrin and progesterone. 

4. The possible regions wliich participate in the gall-bladder failure are 
discussed. 

We wish to express our appreciation to Dr. E. W. Dempsey for his encourage- 
ment and advice throughout these experiments. We also wish to express our 
thanks to Dr. A. C. Iv 3 ’- for generousty suppl 3 lng us with cholec 3 'stokinin, and 
for his directions as to its use. 
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The resonance theorj" of hearing, as developed and elaborated by Cotugno, 
Corti, Hensen, Helmholtz and others, postulates that anatysis of sound into 
its component frequencies occurs in the cochlea, each tone stimulating only a 
specific part of the auditory end-organ. The clinical and experimental etddence 
that has accumulated from manj" sources proves that the receptors for high tones 
are confined to the basal turn of the cochlea, but leaves unsettled, among others, 
the following questions: a. Is there localization for low tones? b. Exactly where 
and how large are the areas of response for each tone? c. What is the effect of an 
increase in intensity of a tone on the extent of the area of response? The experi- 
ments described in this paper were undertaken in an attempt to obtain further 
information on these questions. 

Many investigators have maintained that if the resonance theory of hearing 
is correct, destruction of a portion of the cochlea should produce deafness for the 
tones specific to the destroyed area. However, the experimental studies of 
cochlear localization that have been reported are not in agreement vdth each 
other. The differences are explicable, in part at least, as failures to re.strict the 
lesions of the organ of Corti to the part supposedly injured. Therefore, we ha^-e 
given special attention to this problem and have developed a technique with 
which we have repeated^ been aljle to destroj’’ the organ of Corti in selected 
regions without traumatizing other areas or without causing any escape of 
endolymph. The latter point is extremely important in obtaining consistent 
results, because simple puncture of the cochlear duct in the basal turn causes a 
marked imjjairment of cochlear potentials for all frequencies. 

^Material axd methods. Cats anesthetized with phenobarbital-sodium 
were used in all experiments reported in this paper. After tracheotomy, the 
bulla was exposed by separating the structures ventral to it, and the middle 
ear opened by cutting away the laulla and removing the septum. 

In making the experimental cochlear lesions it is necessary to work under a 
binocular dissecting microscope. With a small dental burr the bone is removed 
over the selected part of the spiral ligament, which is then further loosened by 

' Pro.scntcd !it the Chic.ngo meeting of tlie .rVnierican Physiological Society, April 19, 
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gentle pressue with a blunt needle. The latter procedure causes the basilar 
membrane in this restricted region to bend, and the organ of Corti resting on it to 
be crushed or dislodged. In successful experiments neither Eeissner’s nor the 
basilar membrane is torn; there is no escape of endolymph and no hemorrhage 
into the cochlear duct (fig. 1). 

Pure tones, generated by a continuous-sweep, beat-frequency oscillator and a 
moving-coil receiver, were used as stimuli. The frequency range used was 
from 32 to 10321 cycles per second. The tones were conducted from the speaker 
to the cat’s ear by f-inch rubber hose. 

Cochlear potentials were used to measure the response of the ear. To pick up 
the changes in potentials a silver wire was placed on the bone near the lateral 
margin of the round window niche and a silver bar was inserted into the exposed 
neck muscles. The potentials were passed through a transformer-coupled 
amplifier and a band-pass filter, and converted into sound in a head-phone. 



Fig. 1. Photomicrographs of sections of cochleae to show Fig. 2 

nature of the lesions made. A, lesion in lower basal turn; B, 
lesion in middle turn. 


The threshold of response for each frequenc 3 ’’ was obtained b}”^ increasing the 
intensitj'- of the stimulating tone in steps of five decibels until the amplified 
cochlear response was just audible to an observer with good hearing. With the 
amplification used, threshold responses for normal cats are at intensities of the 
stimulus tones veiy close to human thresholds. Cats whose control tests showed 
impaired thresholds or who had middle-ear infections were rejected. The limits 
of error of the method are about five decibels. 

For each cat the first readings obtained are used as “normal”, and changes 
during the course of an experiment are recorded in decibels above or below this 
value. 

Each ear was histologicallj’’ prepared and earefulty studied to determine what 
lesions were actuallj^ produced. The graphic reconstruction method of Guild 
(1) was used to determine the location and extent of each lesion. Some of the 
cochleae Avere not sectioned exactty in the mid-modiolar plane, and for these it 
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was necessary to apply a correction factor to the graph. The correction factor 
was obtained as follows: Except for the vestibular part, the orthoprojection of a 
cochlea is sufficiently close to a spiral that only shght error is introduced by the 

assumption that the distance should equal distance c (fig. 2) . When there 

is obhquity of sectioning, this distance is less than c. Distance c is measured 



Fig- 3 pjg_ ^ 


in the mid-modiolar section for the basal turn by means of an ocular micrometer 
Distances a and h are determined by counting the number of sections from points 
A %oB and from A to C, and multiplying each number by the thickness of the 

sections. The correction factor for the vertical axis of the graph is 

Since the vestibular part of the organ of Corti is not in the same planet the 
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other turns, distances in this region were determined from chords measured mth 
an ocular micrometer. 

Results. The average length of the organ of Corti in 30 cat cochleae, 
as measured at the junction of the inner and outer pillar cells, is 21.5 mm. The 
cat's cochlea has approximately three turns, but a part of each turn, namely, 
the region next to the brain, is inaccessible to operation. The accessible regions, 
in the respective turns, extend between the following levels, measured in milli- 
meters from the extreme basal end of the organ of Corti : basal, 2.0 to 8.0; middle, 
12.0 to 15.5; apical, 17.5 to 19.0. 

Smgle small lesions. The results of six typical experiments vith small lesions 
at representative parts of the cochlea are shown in figure 3. In these charts, the 
changes in threshold of response (in decibels) following the production of the 
lesion are plotted against the frequency of the stimulating tone. The short 
black bar in each case gives the position and length of the lesion, in millimeters 
from the basal end (lower scale of chart). 

In the experiment represented by the uppermost chart, the lesion was 0.7 
mm. long (from the 14.5 to the 15.2 mm. levels, measured from the basal end); 
and the maximum impairment of i-esponse was for the frequency of 256 cycles. 
In the experiment shown in the lowermost chart, the lesion extended from the 
2.3 to the 3.0 mm. levels; and in this case the greatest impairment of response was 
for 8192 cycles. Lesions at intermediate levels, as shovm in charts 2 to 5 of 
figure 3, caused intermediate parts of the hearing range to be affected. 

The results of 21 experiments similar to those shown in figure 3 are summarized 
by the circles in figure 4. In this chart, the tonal region for which there was 
maximum impairment of response is plotted against the midpoint of the lesion, 
expressed in mm. from the basal end of the organ of Corti. For the frequencies 
from 256 to 10321, the points fall closely along a straight line, and the distances 
between the loci for successive octave-interval tones are the same, about 2.5 
mm. per octave. The position thus indicated for the frequency of 1024 C 3 '^cles 
cannot be experimentallj’’ determined, because it is inaccessible to operation. 
For the frequencies below 256 cjmles per second, conclusive evidence of localiza- 
tion has not been obtained. However, the distance from the apical end of the 
organ of Corti to the position indicated for 256 is sufficient for a spacing of octaves 
from 32 to 256 at the same intervals as for frequencies above 256. This fact is 
indicated in figure 4 bj^ the extrapolated line (dashes). No points are shown for 
the frequencies below 256 cycles because small lesions of the apical region did not 
give discrete impairments for single frequencies. Usualty, small lesions of the 
apical region caused no discernible impairment of potentials for any tone, and 
with larger lesions the impairment was for more than one tone. Destruction 
of the entire apical end of the cochlea, dovm to the region indicated for 256 C 3 '’cles, 
caused onb^ slight to moderate impairment of response for any of the low tones. 

One possible explanation of our inability to demonstrate impairment of thresh- 
old responses of cochlear potentials after apical lesions is that for veiy low 
frequencies there ma 3 '' be a marked spread from the region of optimal response at 
intensities so close to threshold that the impairments are too small to be measured 
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by our metbod. A second possible explanation is that the position of the elec- 
trode was not favorable for picking up potentials generated in the apical end of 
the cochlea. This explanation is favored by the results of a few experiment on 
guinea pigs in which the electrode was placed near the apical end of the cochlea. 

Dworkin (2), by the conditioned-reflex method, found the upper limit of hear- 
ing of the cat to be about 30,000 cycles, and Wever (3) has obtained cochlear 
responses for this frequency. Extrapolation of our data to the position corre- 
sponding to the extreme basal end of the cochlea would indicate an upper limit 
of about 16,000. We have not tested for frequencies above 10,321 cycles, and 
have no data with respect to localization for these extremely high-pitched, 
unmusical frequencies; however, we do not believe the discrepancy significant. 

For man Crowe, Guild and Polvogt (4) found, by correlation of hearing tests 
and histologic preparations, that the region of greatest importance for the re- 
ception of 8192 cycles is about 5 mm. from the basal end of the cochlea and the 
corresponding regions for 4096 and 2048 cycles 8 to 9 mm. and 11 to 13 mm., 
respectively. The only lower frequency for which similar data have been re- 
ported is 256 cycles, for the hearing of which Oda (5) estimated the region 21.5 
mm. from the basal end to be most important. The total length of the human 
cochlea is about 31.5 mm. (Hardy, 6) as compared to 21.5 mm. in the cat, but the 
hearing range of both contains approximately the same number of octaves. The 
distances from the basal end assigned by the above authors for the frequencies 
8192, 4096, 2048 and 256 cj’’cles were multiplied by 2/3 and plotted on figure 4 
(triangles). It is evident from this figure that if allowance is made for the dif- 
ference in length of the cochleae of cat and man, tonal localization is the same for 
cochlear potentials in the cat as for hearing in man. This can onl}’^ mean that 
cochlear potentials are closety related to actual hearing. 

Our results, however, are not in agreement with the plotting of tonal localiza- 


tion for man by Stevens, Davis and Lurie (7) on the basis of the integration of 
difference limens, since these authors found the frequency distribution curve to 
be sigmoid, vdth the octaves below 500 cj'^cles grouped near the apex. 

The studies of localization in the guinea pig reported by Stevens, Davis and 
Lurie and by Culler (8) also show grouping of low tones in the apical turn and 
clearlj’- are not in agreement vith our findings for the cat. 


Using guinea pigs. Held and Kleinknecht (9) abolished the Prej’^er reflex to 
some of the high notes of a Galton whistle b^’- drilling small holes over the spiral 
ligament of the basal turn. The location of their lesions is not sufficiently 
described to permit making a close comparison Awth our observations, but the 
localization indicated for the guinea pig by Sato (10), who supplemented the 
method of Held and IGeinknecht by graphic reconstructions, is in good agree- 
ment with our findings in the cat for the three tonal regions he reported namelv 
240-2SS, 1000-1500, and 4000-4600 cycles per second ’ 

The SIX graphs of figure 3 show that it is possible, by detaching the spiral 
igament, to produce smaU lesions of the organ of Corti which result in sharply 
localized impairment of response for frequencies from 256 upwards and that 
there is consistent correspondence between the position of the lesion and the 
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part of the tonal range affected. These experiments with single small lesions 
indicate that each region of the cochlea responds optimally to a specific fre- 
quency. It should be noted, however, that in none of the experiments was there 
complete loss of response for any tone, even though histological examination 
shows that the organ of Corti was completely destroyed in the region of the 
detachment. This indicates that the cochlea does not behave as a series of 
sharply tuned resonators, but rather that, as a sound increases in intensity, 
regions of the organ of Corti other than the one of optimal response also become 
stimulated. 

The effect of the size of the lesion. Chart 1 of figure 5 shows impairments of 
response greater, both in amount of maximum impairment and in range of tones 
affected, than would be expected from the difference between the length of the 
lesion in this experiment and in those recorded in the charts of figure 3. Other 
experiments vath lesions approximately 2 mm. long gave similar results. Fur- 
thermore, similar effects were obtained when a small lesion was first made and 
later extended in length. In the experiment recorded in chart 2 of figure 5, 
the small lesion (indicated by the solid part of the bar) caused the impairments 
of response shown b5’’ the solid line; the extension of the lesion (cross-hatched part 
of the bar) resulted in the impairments of responses shown by the broken line. 

These experiments mth larger lesions add support to the view that regions of 
the organ of Corti rather distant from that of optimal response for threshold 
intensities are of considerable importance when loud tones are used. 

Multiple lesions. Experiments were made with two lesions, separated by a 
region of normal organ of Corti, to get some indication of the extent of the area 
that responds to a tone which is above threshold intensity. Wlien both lesions 
were in the basal turn (in the region accessible to operation, or from the 2 to the 
8 mm. levels), the impairments caused by the first lesion were increased by the 
second lesion. An example is shown in the uppermost chart of figure 6. In 
this experiment, detachment of the spiral ligament in the region from 3.3 to 
3.7 mm. from the basal end (solid bar) resulted in raising the thresholds about 
10 decibels for the frequencies from 5793 to 10321 cj’^cles, inclusive. After a 
second detachment (cross-hatched bar) was made in the region from 6.6 to 7.7 
mm. from the basal end, there was a, an impairment of response for the frequency 
(2048 C5>'cles) corresponding to the region; h, an impairment for the frequency 
(4096 cycles) corresponding to an area between the .two detachments, and c, an 
additional impairment of 20 decibels for the frequencies affected b}^ the first 
lesion. 

In experiments with the second lesion at about the 14 mm. level (middle turn), 
there w^as no additional impairment of response for the frequencies affected by a 
basal-tum lesion, indicating that the response for high frequencies (above 2048 
cycles) does not extend as far as the 14 mm. level even w^hen the intensity is 30 
decibels above normal threshold. The results of one of these experiments are 
shown in the lowermost chart of figure 6. Detachment of the spiral ligament in 
the re^on from 2.7 to 3.8 mm. from the basal end (solid bar) raised the thres- 
holds for 4096 and 8192 cycles 30 decibels. A second detachment, in the region 
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from 13.5 to 14.3 (cross-hatched bar), caused a rather general impair- 
ment of response for aU frequencies from 256 down, but did not cause addi- 
tional impairment for the high tones. 

When the first lesion made is in a region of optimal response for a low tone, 
TYia l-in g a second lesion in a region optimal for some high tone, such as 4096 or 
8192, not only causes a loss for high tones but also' increases the impairment 
caused by the first lesion. The middle chart of figure 6 shows the results of one 
of these experiments. The first lesion (solid bar) raised the thiesholds of 
response for 128 and 256 cycles about 10 decibels. The second lesion (cross- 
hatched part of bar in basal region) caused not only an impairment of 20 




distancc from basal end of cochlea, mm. distance from basal end of cochlea, mm. 

Fig. 5 Fig. 6 

decibels for 4096 and 8192 cycles, but also' an additional loss for all frequencies 
below 512 cycles. Extension of the basal-turn lesion a half-miUimeter toward 
the apex (open part of the bar) increased the impairment of responses for all 
frequencies affected by both of the preidous lesions. 

^ In the experiments with multiple lesions, it was not possible to determine the 
lunits of the areas that I’espond to high tones at intensities above normal thresh- 
old because the critical levels appear to lie in the re^ons inaccessible to operation. 
These experiments do demonstrate, however, that the apical limit of the area 
of response to any high tone (above 2048 cycles) lies between the 8 and the 14 
mm. levels, and that the areas of response for low tones (256 cycles down) 
extend into the basal turn at least as far as the 5 mm. level. This eiddence of 
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sharper localization for high than for low tones is in agreement ■«ath the clinical 
obsen’^ation that marked diffei'ences in acuity of hearing for high tones only 
an octave apart frequentl 3 ’- occur, but similar differences never are present 
for low tones. 

Discussion. In anj’’ study that utilizes the Wever-Bray phenomenon to 
measure the reactions of the inner ear to sound, the validity of deductions with 
respect to actual hearing depends on whether or not cochlear potentials originate 
in the hair cells of the organ of Corti. 

The theories that assign the origin of cochlear response to either Eeissner’s 
or the basilar membrane, whether as streaming potentials (E 3 ’-ster, Bast and 
Krasno, 11) or as concentration potentials (Hallpike and Rawdon-Smith, 12), 
no longer seem tenable, because such theories cannot possibty explain the ob- 
seiwations of the present series of experiments or the results of the experiments 
in wliich Walzl (13) replaced peritymph mth solutions of ’v\ndel 3 ' different ionic 
concentrations. 

The best proof that cochlear potentials do originate in the hair cells of the 
organ of Corti and are, therefore, an expression of their functional activity is the 
fact that even veiy loud sounds fail to generate cochlear potentials in the ears of 
animals known to be deaf because of malformations of the organ of Corti (albino 
cats, Howe and Guild, 14; Howe, 15; waltzing guinea pigs, Davis et ah, 16; 
Dalmatian dogs, Hughson et ah, 17). The essential lesion in the ears of each of 
these animals is absence of the hair cells. The close correspondence between 
tonal localization for cochlear potentials, foimd in the present series of experi- 
ments, and that for hearing in man, is confirmatoiy e^ddence that cochlear 
potentials do arise in the hair cells of the organ of Corti and that the 3 '’ are 
“indicative of the essential functioning of the receptor” (Wever, 18, p. 50). 

Several of the numerous theories of hearing include the assumptions that there 
are cochlear regions of optimal response for each tone, -svith the highest tones at 
the basal end, and that when the intensity of a sound is increased there is spread 
of the extent of the area stimulated. The experiments reported in tliis paper do 
not exclude the possibility that an 3 '’ one of these theories ma 3 '' be correct. 

In the past, a serious objection to all “place” theories of hearing has been the 
lack of evidence to show that an 3 ’^ given region of the cochlea is represented in 
the cortex Iw a corresponding locahzed area. Certainty, an 3 '’ form of peripheral 
anatysis of sound is meaningless vithout at least an equal degree of localization 
at the level of the cerebral cortex. Two recent reports indicate that an orderly 
arrangement of connections from the several regions of the cochlea to the higher 
centers of the auditor 3 '^ S 3 ’^stem does exist. Ades (19) found that cortical re- 
sponse to a “click” sound was abolished in restricted parts of the auditoiy area 
of the cat's cortex b 3 ’- small lesions of the medial geniculate bod 3 ^ WooIse 3 ’’ 
and Walzl (20) stimulated small groups of nenm fibers in the operative^' exposed 
edge of the osseous spiral lamina of the cat cochlea and obtained cortical re- 
sponses (positive potentials) over restricted parts of the auditoiy area, different 
for each region of the cochlea stimulated. The cortical points of maximum 
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response showed a systematic arrangement, from fibers at one end of the cochlea 
to those at the other. 

Some form of resonance or “place” theory seems best to fit the facts presented 
by previous chnical and experimental observations, by the present series of 
experiments, and by the new data irith respect to the organization of the central 
nervous system. Sufficient information is not yet available to permit statements 
as to the extent of the area of the organ of Corti stimulated by a tone above 
threshold intensity, but it seems definite that the areas are smaller for high 
than for low tones and that the regions of optimal response are spaced at approxi- 
mately equal distances for octave intervals of pitch. 

SUMMARY 

The effects of localized lesions of the cat’s organ of Corti on the thresholds of 
cochlear potentials were studied. Histologic examination showed that the 
lesions were restricted to the organ of Corti, and that both Reissner’s and the 
basilar membranes had remained intact. Graphic reconstructions were made to 
determine the exact location of each lesion. 

Single small lesions resulted in moderate impairment of response limited 
to a small part of the frequency range. Larger lesions caused a greater degree 
of impaiiment and affected a wider part of the tonal range than did small 
lesions. Multiple lesions were used to study the extent of the area of response 
to tones above threshold intensity. 

The follouing conclusions were drawn from these experiments : . 

1. That near threshold the response to any frequency is localized to a small 
part of the organ of Corti (Ifigh tones bemg toward the base), but that with 
increase in intensity there is spread of the response to adjacent areas, the spread 
being greater for low than for high tones. 

2. That the regions of optimal response for successive octaves are spaced 
at equal distances along the organ of Corti. 

3. That since there is close correspondence between localization for cochlear 
potentials in the cat and for hearing in man, cochlear potentials originate in the 
hair cells of the organ of Corti. 
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Experimental renal hypertension due to renal arterial compression (Gold- 
blatt, Lynch, Hanzal and Summerville, 1934) as well as the renal hypertension 
due to fibro-coUagenous perinephritis (Page, 1939) have been widely thought of 
as responses to renal ischemia, in which the increase of arterial pressure might 
in some measure compensate for a decrease of excretory capacity. The dem- 
onstration of unimpaired urea clearance during renal hypertension established 
the maintenance of at least partial functional excretory integrity in this con- 
dition (Goldblatt, Lynch, Hanzal and Summerville, 1934). Subsequent ob- 
ser\’’ations of other renal clearances (phenol red, inulin and creatinine) (Corcoran 
and Page, 1938; (Alpert and Thomas, 1940) confirmed the supposition that 
glomerular filtration rate was not necessarily impaired in experimental renal 
hypertension and indicated the probability that renal blood flow to peritubular 
areas was not affected. Nevertheless, observations of renal blood flow in dogs 
made experimentally hypertensive by renal arterial compression have been 
reported, and in these renal blood flow decreased from 18 to 63 per cent (mean, 
40 per cent) during the persistence of hypertension (Levy, Light and Blalock, 
1939), while numerous observations have established the common occurrence 
of histological evidences of renal ischemia in experimental renal hypertension 
(Goldblatt, 1938). 

A decision as to the r61e of renal ischemia in a genesis of experimental renal 
hypertension can only be reached by studies in which the attempt is to excite 
hypertension with a minimal degree of interference with renal circulation, 
since tight compression of the renal artery may result in both renal ischemia and 
hypertension, but without a necessary causal relationship between the two 
effects. The present communication reports results obtained from determi- 
nation of renal clearances, tubular excretory capacities and total renal blood 
flows in dogs in which renal hypertension was purposely excited nfith the least 
possible interference with renal circulation. 

jMaterial and jiethods. The experimental dogs were trained, mature 
bitches. Uninephrectomy was done in most instances several months before 
the first obseiwations of renal fuction. There were three series of observations 

J The data here reported were presented to the 50th (1938) and 53rd (1941) annual meet- 
ings of the American Physiological Society. 
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made. In the first, the determinations included phenol red, inulin, creatinine, 
or urea clearances at intervals before and after the development of hyper- 
tension due to compression of the renal artery (Goldblatt, Lynch, Hanzal and 
Summerville, 1934). Subsequent observations in one of these included deter- 
minations of diodrast clearance and maximum tubular excretory capacity* 
(Tmp) for diodrast and reabsorptive capacity (Tm^) of glucose by methods modi- 


TABLE 1 

Phenol red and inulin plas77m clearances in renal hypertension due to arterial compression 
Renal clearances and mm. Hg blood pressure in dogs 1 and 2 before and after renal 
arterial compression. Daj' = day from first observation and hr. = hours after application 
or adjustment of clamp. Abbreviations; P.R., phenol red; I., inulin; TJ., urea; C., 
clearance (cc. per sq. m. per min.); B.P., blood pressure mm. Hg. 


DOQ 
NO* 1 

DAY 

HENAL 

P.R.C. 

PLAS- 

MA 

I.C. 

CLEARANCE 

B.P. 

Doa 

NO. 

DAY 

RENAL 

P.R.C. 

PLAS- 

MA 

I.C. 

CLEARANCE 

B.P. 

u.c. 

P.R.C. 

I.C. 

u.c. 

P.R.C. 

I.C. 







mm. Hg 







mm. Hg 


Left nephrectomy 





Le/t nephrectomy 



1 

95 

129 

90 

62 

1.44 

144/84 

2 

62 

84 

53 

25 

1.58 

132/84 


98 

130 

90 

55 

1.44 

142/84 


67 

101 

57 

29 

1.77 

140/86 


99 

127 

73 

52 

1.72 

140/84 


71 

85 

46 

27 

1.85 

130/82 


104 

108 

82 

52 

1.32 

158/98 


79 

Right clamp. 

Local anes- 


Right clamp. 

Liocal anesthesia 




.hesia 





(1 hr.) 

no 

84 

38 

1.32 

194/124 


(2 hr.) 

31 

33 

2.3 

0.94 

228/146 


106 

120 

75 

57 

1.61 

148/94 


(7 hr.) 

65 

37 

10.3 

1.75 

198/124 


no 

116 

76 

46 

1.53 

158/104 


80 

Loosen 

clamp J turn. 


Clamp tightened 1 turn. Local 



Ether anesthesia 



anesthesia 





81 

no 

63 

34 

1.75 

192/126 


(1 hr.) 

36 

15.7 

3.4 

2.30 

212/146 


85 

83 

44 

15 

1.88 

206/138 


112 

86 

97 

40 

0.89 

248/168 


89 

79 

54 

22 

1.46 

208/132 


Clamp removed. Local 

anes- 


95 

93 

50 

18 

1.86 

206/134 


thesia 






101 

93 

50 

27 

1.86 

206/122 


(1 hr.) 

119 

93 

44 

1.28 

220/158 









117 

121 

89 

58 

1.36 

180/110 









118 

91 

71 

34 

1.28 

156/96 









Clamp reapplied. Local 

anes- 









thesia 













133 

106 

88 

41 

1.20 

162/96 









173 

121 

76 

51 

1.59 

230/150 









185 

123 

87 

47 

1.41 

210/132 

J 









fied from those of Smith, Goldring and Chasis (1938). The second series con- 
sisted of uninephrectomized dogs mth single kidneys explanted subcutaneoush^ 
by the technique of Page and Corcoran (1940), in which determinations of ab- 
solute renal blood flow calculated from phenol red and inulin clearances and 
extraction percentages were made at intervals before and after the onset of 
h 3 ’'pertension due to clamping the renal arte^ 3 ^ Most of the chemical methods 
used in this stud 3 ^ have been described elsewhere (Corcoran and Page, 1939). 
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The values of renal blood flow and extraction presented are average of at least 
three successive determinations made on the same da 3 L In some cases in both 
series, the degree of renal arterial compression was varied bj-- opening the wound 
and suitably adjusting the clamps. A third group of observations were 
made in dogs in which hj^pertension due to perinephritis was induced by bilat- 
eral perirenal application of silk. The determinations made in these include 
diodrast and inulin clearances and Tm^. Diodrast determinations were made by 
a modification of the method of White and Rolf (1940). The values of renal 
blood flow, clearance, and tubular capacity are presented in cubic centimeters or 
milligrams per square meter of body surface per minute. 

Blood pressure (B.P.) in the first series was determined bj’- auscultation over 
the dorsalis pedis artery (Allen, 1923) while, in subsequent series, it was measured 
by direct femoral arterial puncture. 

Note should be made of our unfortunate experience in the application of metal 
clamps to the renal arteries of dogs ivith single explanted Iddneys. In several 
instances, death, due to renal arterial thrombosis, followed soon after clamping, 
apparently because of the dog’s bung on the insensitive explanted Iddnejq and 
compressing the renal artery against the rigid clamp. The incidence of such 
accidents ivas greatly decreased b}”^ the postoperative application of a rigid shield 
over the explanted kidney. 

Histological examination of tissues from those dogs which died was done by 
Dr. Irving Graef, Department of Pathologj’-, New York Universitjq to whose 
kindness we are indebted for summarized reports. 

Results. 1. Clearance determinations. Observations of phenol red, inulin 
and urea clearances in two dogs are tabulated (table 1). In two dogs (nos. 
3 and 4) only creatinine and urea clearances were determined. Determinations 
on the first, second and fourth dai’^s after clamping showed no significant changes 
dining increases of arterial pressure to levels of 204/125 and 170/1 10 rnm. Hg. 
Observations in another dog (no. 5) whose surface area was 0.570 sq. m., 
are of particular interest, since thej’’ extend over nearlj'^ 3 j'^ears. Brieflj’-, there 
were no significant variations of creatinine and urea clearances during 2 montlis 
after clamping. The B.P. varied from 178/98 to 228/190 mm. Hg during this 
time (control value 140/83). The blood pressure level fell to average about 
168/110 mm. Hg during the next six months, while phenol red and inulin clear- 
ance values were respectively 121 and 72 cc. per square meter per minute. The 
clamp was then tightened and, on the following day, B.P. was 224/154 and phenol 
led and inulin cleaiances lespectivelj’’ 80 and 91 cc. Clearance determinations 
at intervals during the following 13 months 3 delded mean values of 125 (phenol 
red) and 71 cc. (inulin) mth mean blood pressure 220/145 mm. Hg. Determina- 
tions of diodrast and inulin clearances, tubular secretory capacity (T^ ) and 
tubular rcabsorptive capacit 3 ’- (T^^) were made at inten-als during the following 
8 months. The mean values and range of these nine determinations, corrected 
to one square meter of body surface were as follows: diodrast clearance, 275 cc 
mulm clearance 92 cc., T^^, 15.4 mgm., T„^ 293 mgm. per minute. Blood pres- 
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sure during this time averaged 155 mm. Hg and ranged from 160 to 202 mm. Hg. 
The last determinations of (15.3 mgm.) and (271 mgm.) were made at a 
time when retinal hemorrhages and partial retinal detachment boded the onset 
of the “mahgnant syndrome”. Histological study of the kidney, which weighed 
80 grams, showed one tiny scar of the ischemic type and rare hyaline glomeruli. 
There was some increased prominence of the “polkissen” in the renal cortex. 

To summarize, hypertension due to compression of the renal artery was ob- 
served in dogs uithout constant or persistent reduction of phenol red, inulin, 
creatinine or urea clearances, although it was sometimes more severe during 
phases of reduction of clearance. The values of Tm^ and Tm^ and the size of the 
kidney (dog 5) do not indicate failure of tubular function nor atrophj'- of tissue 
with reference to normal values (White and Heinbecker, 1940 ; Shannon, Farber 
and Troast, 1941). 

2. Observations of absolute renal blood flow. Data representative of the group 
of 18 are presented from observations made in 6 dogs, in some of which the studies 
were extended over several months. 

a. Short periods of observation: Hypertension was obtained in one instance 
(dog 6) udthout a significant change of renal blood flow; varsung degrees of renal 
ischemia developed in others (e.g., dog 7). 

h. Long periods of observation: Hypertension was observed over long periods 
in 4 subjects vuthout definite relationship being found between the levels of mean 
arterial pressure and renal blood flow. Data from these experiments are pre- 
sented in summarized protocols (dogs 8, 9, 10 and 11) and in figures 1 and 2. 

3. Renal function in hypertension due to perinephritis. Observations made in 
one subject are summarized in table 2, in wliich it is shown that hypertension 
developed without a decrease of plasma diodrast clearance (effective renal plasma 
flow) or an initial failure of maximal tubular secretory capacity (Tmjj)- The late 
fall of Tmj) may represent tissue loss due to infiltration with scar. There is, how- 
ever, no evidence of ischemia of the residual tubular mass, i.e., no depression in the 
ratio diodrast clearance/Tmj,. 

Discussion. 1. Clearance studies. The plasma clearances of inulin and 
creatinine in the dog equal the rate of glomerular filtration, while phenol red 
clearance depends largely upon tubular secretion and is equivalent to roughl}’’ 
one-haif of renal plasma flow rvith which it varies directly. The formulation of 
this relationship has been previously described (Corcoran and Page, 1939). 
Diodrast plasma clearance depends largely upon tubular secretion and is prob- 
ably equivalent to nearly all the renal plasma flow to excretory tissues (Corcoran, 
Smith and Page, 1941). It is therefore termed "effective renal plasma flow” 
(Smith, Goldring and Chasis, 1938). The maintenance of normal levels of these 
clearances in dogs during renal hypertension is evidence against the causal ex- 
istence of renal ischemia in tliis condition, while the adequacy of filtration 
rate, of tubular secretor 3 ’’ and reabsorptive capacities indicate that the hyper- 
tension is not associated with excretory impairment. It is, however, evident 
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Fig. 1. Observations of total renal blood flow (A.), phenol red, X, and inulin, 0 , extrac- 
tion percentages and femoral arterial pressure in dog 10 before and after renal arterial 
compression. 
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that exact knowledge of the relation of renal ischemia to renal hypertension can 
best be attained by measurements of total renal blood flow. 

2. Renal hlood flow and extraction ‘percentage. The measurements of .renal 
blood flow were made from detei-minations of phenol red and inulin clearances 
and extraction percentages, and therefore represent total renal blood flow with- 
out reference to the tissues perfused. The data presented from dogs 6 and 10 

TABLE 2 

Diodrast and inxdin plasma clearances and Tm^ during hypertension due to perinephritis 
Renal clearance, tubular excretory capacity (diodrast) and blood pressure before and 
after production of hypertension by application of silk to both kidneys. Dog 12. Surface 
are^iO.Gl sq. m. Abbreviations; D., plasma diodrast; I., inulin; F.F., filtration fraction 
(IC/DC); C., clearance in cubic centimeters per square meter per minute; Tmn, tubular 
secretor 3 ’’ capacity for diodrast in milligrams per square meter per minute; V.C., vasocon- 
strictor content of peripheral blood (Page, 1940) by comparison with blood of normotensive 
dogs. 


1 

D.C. 

I.C. 

F.F. 

Tm^ 

B.c./Tron 

B.P. 

v.c. 







mm. Hg 


Control mean 

228 

107 

35.2 

27.0 

10.7 

142 

1.0 

Control maximum 

321 

129 

41 

28.1 

11.8 

166 


Control minimum 

259 

81 

20 

25.9 

9.6 

114 


Observation no 

1 

10 

10 

16 

4 


22 


PERIKEPHBITIS 1 








day 








4 

205 

54 

26 



130 


7 

241 

86 

36 



150 

3.3 

10 

308 

116 

38 

26.8 

11.5 

167 

1.2 

15 

384 

111 

39 

1 


161 ^ 


21 

269 

112 

41 

27.2 

9.85 

180 


24 

264 

99 

37 

! 


164 


34 

280 

106 

38 

25 

11.2 

175 


37 

333 

128 

39 



187 

1.3 

42 

338 

120 

36 



180 

i 

40 

315 

121 

38 

28.8 

10.9 

181 

20 

54 

325 

105 

33 

1 27 

12 

180 

8.2 

57 

332 

128 

39 



187 

19 

72 

248 

95 

32 

22.5 

11 

189 

9.7 

78 

308 

109 

35.4 

22.0 

14 

193 

8.2 

Hypertension 








Days 21-78 mean 

305 

112 

36.8 



182 


Days 21-78 maximum 

338 

128 

41 

28.8 

12.0 

193 

19.0 

Daj-s 21-78 minimum 

264 

94.5 

31.7 

22.0 

9.85 

164 

1.2 


illustrate the development and persistence of renal hypertension vdthout signifi- 
cant persistent renal ischemia while the absence of correlation of renal blood 
flow and arterial pressure is established in the other reported observations. 

The renal extraction of inulin was of particular interest, since the so-called 
humoral mediators of hj'^pertension, renin and angiotonin, tend to decrease renal 
blood flow and increase inulin extraction, apparently by causing efferent ar- 
teriolar constriction (Corcoran and Page, 1939, 1940a, b). Efferent arteriolar 
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constriction is characteristic of the renal circulation in hypertension of human 
beings (Goldring, Ranges, Chasis and Smith, 1938). It would be expected that 
participation of these mediators of hypertension in renal hypertension in dogs 
would be expressed in an increased inulin extraction and a secondary decrease of 
renal blood flow, at least during periods of severe hypertension, and this supposi- 
tion is confirmed in some of the observations on dogs 6 and 11. However, com- 
pression or obstruction of the renal artery may, by reducing intraglomerular 
pressure, decrease inulin extraction as occurred in dogs 7 and 8 and in unreported 
observations. Such loiv values of inulin extraction probabl 3 ^ represent con- 
siderable reductions of effective intra-renal arterial pressure, since they were ob- 
tained during levels of renal blood flow at least 30 per cent below control levels 
and, in some instances, in the absence of h 5 ^pertension. Since the exact level of 
inulin extraction percentage after renal arterial compression is a product of the 
change in renal arterial pressure and of variations in afferent and efferent ar- 
teriolar tone, evidence of efferent constriction from inulin extraction alone cannot 
always be obtained. 

8. Hrjperiension due to perinephritis. The data of table 2 establish that h 3 ’-per- 
tension due to the production of fibro-collagenous perinephritis after application 
of silk crepe to both kidneys ma 3 '^ persist vdthout changes of effective renal 
plasma flow, or, initially of tuliular secretory capacity (T^p). The increase of 
the inulin/diodrast clearance ratio (the equivalent of inulin extraction ratio) 
during the development of hypertension presumably reflects increased intra- 
glomerular pressure, which may result from efferent arteriolar constriction. The 
appearance of the increased amounts of an angiotonin-like vasoconstrictor 
(Page, 1940) also speaks for the participation of the renin-angiotonin pressor 
S3’stem in the course of this h3'pertension. 

l^. Renal blood flow in experimental hypertension. The mechanism by which 
compression of the renal artery by a metal clamp or of the renal parencltyma in 
the scar of perinephritis may lead to the development of hypertension in the- 
absence of persistent renal ischemia has been re\'iewed elsewhere and confirma- 
tory observations cited (Corcoran and Page, 1941). The topic need not there- 
fore here be developed in detail. Briefly, the view is proposed that the rate of 
renal blood flow in experimental renal hypertension depends upon a balance 
struck between increased arterial pressure and increased renal resistance, due 
either to primary arterial compression or compression of the renal parencl^ma 
or, secondarily, to renal vasoconstriction induced by the unopposed activity of 
the humoral mediators of renal hypertension. Both the factors which pro- 
duce the hypertension and the renal vasoconstriction which may result from 
it will, when sufficiently intense, reduce renal blood flow in spite of increased 
arterial pressure. But, in the hypertensive animal, if the ratio of arterial pres- 
sure to renal resistance is that ivhich obtains in normal animals, renal blood flow 
may remain within normal limits. The disparit 3 '' between the intense renal ische- 
mic effect of renin and angiotonin in normotensives and their presumed action in 
hypertension may depend upon the inability of the normotensive to maintain 
the level of cardiac output during a sudden increase of peripheral resistance 
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In the absence of renal ischemia the decrease of pulse pressure or some more 
subtle variation of pulse wave, which follows clamping the renal artery or which 
may occur in a kidney rigidly held in the firm scar of fibrocollagenous perine- 
phritis, remains as a possible cause of the intrarenal hemodynamic changes which 
lead to hypertension. This view is supported by the liberation of renin which 
follows perfusion vdth blood of the isolated dog’s kidney under reduced pulse 
pressure with constant mean arterial pressure and renal blood flow (Kohlstaedt 
and Page, 1940). Observations which suggest hj'^pertrophy of the “polkissen” 
(Goormatigh and Grimson, 1939) and which have led to the supposition that 
these bodies may be concerned in the genesis of renal hypertension may be cited 
in this connection. Evidence of such changes in the “polkissen” were observed 
by Graef in our dogs 6, 7, 9 and 11. The pre-glomerular position of the “polkis- 
sen" is such that they are exposed to vaiiations of pulse pressure in the afferent 
arterioles. 

The possibility that renal hj'-pertension is due rather to a redistribution of blood 
flow within the kidney, as by pre-glomerular shunting, vath resultant ischemia of 
certain areas, is not excluded by the observations of renal blood flow, but seems 
to be unlikely from the observations of clearance and excretory capacity, since 
both depend upon the blood reaching glomerular and tubular areas. 

SUMMARY AND CONCLUSIONS 

1. Hypertension due to renal arterial compression or compression of the renal 
parenchyma in perinephric scar may occur without constant or persistent changes 
in the renal clearances of diodrast, phenol red, inulin or urea and without signifi- 
cant abnormalities of tubular excretory or reabsorptive capacity and, therefore, 
probably in the absence of ischemia of excretory renal tissue. 

2. Measurements of total renal blood flow from the clearances and extraction 
percentages of phenol red and inulin indicate no correlation of mean arterial 
pressure with the rate of renal blood flow, and establish the persistence of hyper- 
tension in the absence of renal ischemia. Evidence of renal vasoconstriction, 
predominantly of the efferent arterioles, was obtained from the levels of inulin 
extraction and renal blood flow in some dogs during phases of more severe hyper- 
tension and in association with secondary renal ischemia. In one dog in which 
hypertension was the result of perinephritis, intraglomerular filtration pressure 
was increased in the absence of changes in “effective renal blood flow”. Is- 
chemia due primarily to compression or occlusion of the renal artery was usually 
associated with decreased renal extraction of inulin, due apparentty to decreased 
filtration pressure. 

3. The persistence of experimental renal hypertension in the absence of renal 
ischemia is consistent with the view that intra-renal reduction of pulse pressure 
rather than ischemia may be the effective cause of experimental renal hyper- 
tension. 


REFERENCES 

Allex, F. M, J. Metabol. Res. 4: 431, 1923. 

Alpeet, L. K. and C. B. Thosias. Bull. Johns Hopkins Hosp. 66: 407, 1940. 



KENAL BLOOD FLOW IN EXPERIJ.IBNTAL RENAL HYPERTENSION 


369 


Corcoran, A. C. and I. H. Page. This Journal 126: 354, 1939. 

This Journal 123: 43, 1938. 

Corcoran, A. C. This Journal 129: 698, 1940a. 

Corcoran, A. C. and I. H. Page. This Journal 130: 335, 1940b. 

Corcoran, A. C., H. Smith and I. H. Page. This Journal 134: 000, 1941. 

Goldbeatt, H. The Harvey Lectures, Baltimore, 1937-38, p. 237. 

Goldblatt, H., J. Lynch, R. F. Hanzal and W. W. Summerville. J. Exper. Med. 69: 
347, 1934. 

Goldring, W., H. A. Ranges,’ H. Chasis and H. W. Smith. J. Clin. Investigation 17: 
505, 1938. 

Goormatigh, N. .and K. S. Crimson. Proc. Soc. Exper. Biol. Med. 42: 227, 1939. 
Kohlstaedt, K. G. -AND I. H. Page. J, Exper. Med. 72: 201, 1940. 

Levy, S. E., R. A. Light and A. Blalock. This Journal 122: 38, 1938. 

Page, I. H. J. A. M. A. 113: 2046, 1939. 

J. Exper. Med. 72: 301, 1940. 

Page, I. H. and A. C. Corcoran. Surgery 7: 389, 1940. 

Smith, H. W., W. Goldring and H. Chasis. J. Clin. Investigation 17: 263, 1938. 

White, H. L. and D. Rolf. Proc. Soc. Exper. Biol. Med. 43: 1, 1940. 

White, H. L. and P. Heinbecker. This Journal 130: 404, 1940. 


Protocols. Dog 6; 0.638 sq. m. Right nephrectomy, left renal explant. During ob- 
servations in the control period (6 mos.), blood pressure varied from 98 to 138 and averaged 
122 mm. Hg, while renal blood flow averaged 430 cc. and varied from 380 to 460 cc. in 4 
observations. Two days after clamping the renal artery, blood pressure was 157 mm. Hg 
and renal blood flow on the 5th day was 410 cc. (mean of 3 periods). In both these post- 
operative determinations of renal blood flow I. Ep. (inulin extraction percentage) remained 
nearly equal to the mean qontrol level of 29.4 per cent (range 26.6-33.8). Seven days post- 
operatively renal blood flow was 349 cc. and blood pressure was 178 mm. Hg, while 1. Ep 
had increased to 37 per cent. Renal arterial thrombosis developed on the evening of the 
7th day and, on the 9th day, blood pressure had fallen to 130 mm. Hg and blood urea nitro- 
gen was 123 mgm. per 100 cc. Histological examination showed that the renal parenchyma 
was comparatively well preserved, although there were foci of tubular degeneration in 
cortex and medulla. There was necrotizing arteriolitis in the submucosa of the small 
intestine and focal necrosis with calcification in the myocardium. The renal artery showed 
antemortem thrombosis with organization and canalization. The renal vein was collapsed 
by hemorrhage into its sheath. Sitmmary: Hypertension following clamping without 
reduction of renal blood flow, although renal ischemia with increased I. Ep. subsequently 
developed. Fall of blood pressure and death in uremia was the result of renal arterial 
thrombosis with obstruction of the renal vein. 

Dog 7 ; 0.946 sq. m. Left explant and right nephrectomy. Renal blood flow in control 
periods was 277 cc. (range 246-308 — 3 observations) and I. Ep. was 32.9 per cent (range 
29-39 per cent). Blood pressure during this time w^as 117 mm. Hg mean value (range 
105-131) . No increase of blood pressure occurred during the two days after clamping during 
which time renal blood flow was 252 cc. and I. Ep. 32 per cent on the first day, and renal 
blood flow 290 cc. and I. Ep. 30.5 on the 2nd day. The clamp was therefore tightened one 
full turn of the screw and blood pressure increased to 153 mm. Hg on the follou-ing day 
while renal blood flow decreased to 176 cc. and I. Ep. to 22.7 per cent. The clamp was 
loosened one-half turn on the next day, at a time when blood pressure was 164 mm. Hg 
renal blood flow 114 cc. and I. Ep. 24.4 per cent. Blood pressure returned to 123 mm Hg 
on the day after loosening the clamp and blood urea mtrogen fell from 86 to 35 mgm per 
100 cc. Renal blood flow at this time was 208 cc. and I. Ep. 29 per cent. Blood oressure 
increased during the next 3 days to a mean of 154 mm. Hg and, on the 4th day after 
loosening the clamp, was 162 mm. Hg, renal blood flow was 121 cc. and I Ed 15 3 ner 
cent. Death occurred from malignant hypertension 7 days after the clamp had been loS 
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ened. Histological examination showed necrotizing arteriolitis in the pancreas, adrenal 
capsule, stomach and jejunum. The renal parenchyma was well preserved in some sec- 
tions, while others showed areas of medullary calcification. The “polkissen” were promi- 
nent particularly in the outermost glomeruli. Many exhibited pyknosis of nuclei of the 
constituent cells. Summary: Renal ischemia and decreased I. Ep. with return of blood 
pressure and renal changes toward normal after loosening the clamp. Recurrence of 
hypertension, renal ischemia and decreased I. Ep. due to renal arterial thrombosis. 
Malignant hypertension without severe increase of arterial pressure. 

Dog S; 0.539 sq. m. Left renal explant, right nephrectomy. Control renal blood flow 
331 cc. (12 observations, range 299-404 cc.) and I. Ep. 25.3 mean (range 18.9-35 per cent). 
Blood pressure during this time averaged 137 mm. Hg (range 101-158 in 52 obseiwations). 
On the second day after application of a clamp to the renal artery, blood pressure was 
162 mm. Hg and renal' blood flow 259 cc. with I. Ep. 24 per cent, and, on the 10th day, blood 
pressure was 144 mm. Hg and renal blood flow 224 cc. with I. Ep. 28.0 per cent. Mean 
blood pressure during the two weeks postoperatively was 148 mm. Hg. The clamp was 
therefore tightened one-quarter turn. Blood pressure did not increase, but renal blood flow 
on the 2nd day after tightening was 293 cc. with I. Ep. 24.3 per cent. The clamp was 
again tightened one-quarter turn and, during the following week, blood pressure increased 
to values ranging from 160 to 186 mm. Hg with renal blood flow averaging 284 cc. and 
I. Ep. 28.1 per cent. Two weeks after that the blood pressure was 143 mm. Hg, so that the 
clamp was again tightened. Blood pressure during the two months after this fourth opera- 
tion averaged 166 mm. Hg (range 145-173) and the mean of 5 observations of renal blood 
flow was 258 cc. (range 234-275). The clamp was then again tightened one-half turn. 
Blood pressure increased to 190 mm. Hg during the next few days and, in the ensuing 7 
months, maintained an average level of 175 mm. Hg (range 144-190), while renal blood 
flow (8 observations) averaged 302 cc. and ranged from 245 to 366 cc. with I. Ep. averaging 
27.2 per cent (range 22.9-31.7). Phases during which renal blood flow were higher than the 
mean, such as 267, 245, 273 cc., were associated with blood pressure values of 180, 159 and 
148 mm. Hg. The I. Ep. values corresponding to the periods of higher flows were respec- 
tively 25.5, 31 .8 and 33 per cent. Summary: Production of hypertension with renal ischemia 
and with a delayed increase of I. Ep. Subsequent persistence of hypertension with mean 
renal blood flow nearly equal to that of control observations. 

Dog 9; 0.66 sq. m. Right renal explant, left nephrectomy. Control renal blood flow 
266 cc. (range 242-291), I. Ep. 35.6 per cent (29.2-372) and blood pressure 115 mm. Hg (range 
104-131). On the first and second days after clamping the renal artery blood pressure was 
139 and 140 mm. Hg, at which time pneumonia developed and the clamp was loosened. Ten 
days after loosening the clamp renal blood flow was 131 cc., I. Ep. 32.1 and blood pressure 
116 mm. Hg, while the values on the 21st day were respectively 158 cc., 31.6 per cent and 
114 mm. Hg. The clamp was then tightened. Blood pressure on the day after tightening 
was 186 mm. Hg, but fell to 142 and 145 mm. Hg on the 2nd and 3rd days. Ten da 3 ^s later 
blood pressure was 142 mm. Hg, I. Ep. 35.8 per cent and renal blood flow 164 cc., when 
unexplained anuria developed and blood urea nitrogen content increased to 93 mgm. per 
100 cc. The clamp was again loosened. During the ensuing 2 months blood pressure 
averaged 152 mm. Hg (range 148-165). Renal blood flow 22 days after loosening the clamp 
was 228 cc. and I. Ep. 26.6 per cent. During the next 6 months, renal blood flow averaged 
280 cc. (range 272-313), I. Ep. 29.6 and blood pressure 158 (range 144-176 mm. Hg). The 
mean of 5 observations during a second 6 months period of observation jdelded values of 
288 cc. renal blood flow (range 227-339), I. Ep. 29.2 (22-31 per cent and blood pressure 140 
mm.Hg) (range 136-168) . Death was due to intestinal obstruction. Microscopic examina- 
tion of the kidney revealed marked inflammatory changes in the wall of the renal artery. 
Tubules beneath the renal capsules were compressed at the site of a localized perirenal ab- 
scess. There were diffusely scattered scars in the cortical and subcortical areas and at 
the cortico-medullarj' junction. The “polkissen” were moderately prominent, many of 
them exhibiting pyknosis of nuclei of constituent cells. Histological diagnosis: low grade 
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chronic perinephritis with tubular compression and atrophy; focal renal fibrosis and is- 
chemic atrophy. Summary: Renal ischemia sufficient to cause permanent scarring within 
the kidney was present initially without hypertension; hypertension of moderate degree 
subsequently developed in the absence of renal ischemia, possibly as a result of inflam- 
matory changes in the renal artery. 

Dog 10; 0.680 sq. m. Left renal esplant, right nephrectomy. Blood pressure by auscul- 
tation averaged 148/86 mm. Hg (range 132/76-170/116) while later mean femoral arterial 
pressures averaged 122 mm. Hg (range 112-138) during the control period. Control renal 
blood flow was 335 cc. and I. Ep. 32.2 per cent. The changes which followed clamping are 
shown graphically in figure 1. From the 10th day after clamping renal blood flow averaged 
331 cc. and I. Ep. 24.8 per cent, while arterial pressure was 174 mm. Hg (range 154-192). 
Death was at first attributed to colitis, since there were hemorrhages and ulceration of the 
ileal and colonic mucosa. Sections through one of these mucosal ulcers showed an intense 
leukocytic response through the muscularis, the ulcer base and submucosa. The arterioles 
of the submucosa and muscularis showed necrotizing arteriolitis. There was a small area 
of old infarction at the upper pole of the kidney, without reduction in the size of the organ. 
Histological e.vamination showed the renal parenchyma fairly well preserved, although 
there were early autolytic changes in the tubular epithelium. The glomeruli were large 
and hyperemic. Summary: Persistence of hypertension in the absence of renal ischemia 
with subsequent development of questionable malignant hypertension. 

Dog 11; 0.674 sq. m. Left explant, right nephrectomy. During the control period 
renal blood flow averaged 410 cc., I. Ep. 30.2 per cent and blood pressure 148 mm. Hg (138- 
160). Data obtained after clamping the renal artery e.xtend over 15 months and are sum- 
marized in figure 2. Renal blood flow on the 3rd day after clamping was 177 cc., I. Ep. 
36.4 per cent and blood pressure 172 mm. Hg. During the following 18 days renal blood 
flow averaged 320 cc., I. Ep. 26.8 per cent and blood pressure 190 mm. Hg. The clamp 
was then loosened one full turn. Renal blood flow’ during the 2 w’eeks after loosening the 
clamp averaged 400 cc., I. Ep. 22.2 per cent and blood pressure 176 mm. Hg (range 160-216). 
The clamp was then tightened one-half turn. Renal blood flow in the ensuing month aver- 
aged 401 cc., I. Ep. 25.5 per cent and blood pressure 175 mm. Hg (range 162-216). The clamp 
was then tightened f turn. Observations during the following 6 months yielded mean 
values of renal blood flow of 404 cc. (range 291-508), I. Ep. 25.1 per cent (range 20.7-34.5) 
and blood pressure 172 mm. Hg (range 151-202). The clamp was then tightened i turn. 
Renal blood flow averaged 401 cc. during the following three weeks, w’hile I. Ep. was 27.8 
per cent and blood pressure 173 mm. Hg (range 153-190). The clamp was again tightened 
J turn. In the next 2 months renal blood flow’ was 404 cc., I. Ep. 24.8 and blood pressure 
177 mm. Hg. Loss of weight and appetite with occasional vomiting during the next 2 
months terminated in death from volvulus. During this period of developing cache.xia, 
renal blood flow w’as 249 cc. I. Ep. 24.3 cc. and blood pressure 176 mm. Hg (range 155-185). 
Histological examination revealed myocardial degeneration with loss of striations and vacu- 
olization of muscle fibers. In the kidney there was extensive scarring of the ischemic type 
with some tubular regeneration and replacement fibrosis, extending in wedges from the 
capsule to the medulla. The glomeruli w’ere well preserved in outline, although they 
e.xhibited pericapsular fibrosis and some showed apparent hypertrophy’ of the “polkissen” 
with focal pyknosis of their nuclei. Section of the compressed renal artery revealed that 
there had been thrombosis and canalization. Summary: Persistent hypertension without 
consistent relationship between the levels of renal blood flow and mean arterial pressure. 
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Feldberg and Kellaway (1) have shown that snake venoms liberate histamine 
from perfused isolated organs of cats, dogs, monkeys and guinea pigs. Drag- 
stedt. Mead and Eyer (2) reported the appearance of a hypotensive substance, 
similar to histamine, in the blood of dogs injected with crotalin (rattlesnake 
venom). In previous experiments (3) it has been shown that trypsin liberates 
histamine from the perfused lung of the guinea pig and that the intravenous 
injection of trypsin into dogs (4) leads to the liberation of histamine from the 
Uver into the circulating blood. Furthermore, trypsin has in common Mth the 
venom of certain snakes and the venom of the honeybee most of their highlj’’ 
interesting pharmacologic properties, such as the production of contraction and 
subsequent desensitization of smooth muscles; and, after the injection of appro- 
priate doses, collapse and death of the intact animal (5) . The general similarity 
of these effects to those seen in anaphylactic shock has been emphasized many 
times (5, 6). 

Although the external symptoms produced by the injection of a lethal dose of 
crotalin or trypsin into the guinea pig closely resemble the symptoms of anaph}’"- 
lactic shock, a closer examination of the pathologic findings shows several 
discrepancies which will be discussed in this paper. The most outstanding gross 
feature of anaphylactic shock in the guinea pig is a pale, emphysematous lung. 
This feature fails to appear in most of the cases of acute poisoning by snake 
venom and trypsin. Crotalin, in about a third of the cases, produces definite 
pulmonary emphysema, but this is less pronounced than that produced by 
anaphylactic shock. Trypsin seems to produce still less emphysema than 
crotalin. 

Since epinephrine is a powerful antagonist of the action of histamine on the 
lung of the guinea pig and since Feldberg (7) has shown recently the ability of 
snake venoms to liberate epinephrine in vivo and in vitro from the adrenal 
glands, we tried to ascertain whether the removal of the adrenals of the guinea 
pig wmuld increase the degree of emphysema produced by the injection of crotalin 
or trypsin. The animals were adrenalectomized in the morning and in the 
afternoon were injected with crotalin (Crotalus atrox) or trypsin (a crystalline 
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preparation). On some control animals a “sham” operation was performed, 
which was in all respects the same as adrenalectomy except that the glands were 
left in place. A third of the series of animals were given the injections of the 
toxins, without any previous treatment. Tables 1 and 2 show the differences 
of behavior between the adrenalectomized and normal animals toward the in- 


TABLE 1 


Effect of trypsin on adrenalectomized, normal and “sham operated” guinea pigs 


NUMBER 

WEIGHT 

AMOUNT OT 
TRYPSIN 
INJECTED 

DIED AFTER 

KTLLED AFTER 

EMPHYSEMA 

HYPEREMIA OF 
ABDOMINAL 
VISCERA 

Adrenalectomized 


prama 

Tngm. 

mtnu<€s 

tnintifes 



1 

350 

20 


2 

± 


2 


15 

2 


+++ 

++ 

3 


15 

3 


H — h 

0 

4 


15 

2 


0 

0 

5 


12 

2 


+++ 


6 


11 


10 

db or + 

d — 1 — [■ 

7 

BSH 

11 

2 


++++ 


8 


10 

10 


-}- or 0 

++ 

9 


10 

15 


+ or 0 

d — 1 — h 

10 

BH 

10 

5 


++ 

+ 

11 

mmm 

8 

4 


++ 

d- 

12 


8 


5 

++ 

d- 

13 


8 

5 


++ 

d-d-d- 

14 

390 

8 


10 


d-d-d- 

15 


5 

3 


+++ 



“Sham operated” 


16 

350 

25 i 

2 


0 

0 

17 

350 

25 


2 

0 


IS 

390 

20 1 

5 


- db 1 

d-d-d- 

19 

350 

15 1 


15 

+ 1 

d-d-d- 

20 

400 

13 


10 

0 

d-d-d- 


Normal 


21 

350 

25 

^ 5 

I 

0 

22 

400 

20 


2 

0 

23 

350 

20 

2 


zfc 

24 

350 

20 


5 

0 or d: 

25 

350 

1 

15 

7 


0 


++ 

± 

0 

++ 

0 or + 


jection of trj^psin or crotalin. There was a definite increase in the size of the 
emphjrsematous lungs after adrenalectomy, and in respect to trj’psin a definite 
reduction in the lethal dose was observed. Considering the trauma produced 
by the operation itself and the abnormal condition of the animals after adrenal- 
ectomy, the reduction of the lethal dose perhaps should be ignored The 
increased emphysema in the adrenalectomized animals might be explained on 
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the basis of a lack of epinephrine. The emphysema was never so pronounced as 
that seen in guinea pigs after anaphjdactic death and in most of the cases it could 
not explain the death of the animals injected with the toxins employed. The 
extreme hyperemia of the abdominal organs and the wall of the abdomen which 
was a common appearance in all the animals killed bj’’ tiypsin, if five or ten 
minutes elapsed after the injection, strongl}’- suggested the collapse of the 
peripheral vessels and possiblj'’ the interaction of histamine. 


TABLE 2 


TABLE 3 


Ejfcct of snake venom {Crotalus 
alrox) on adrenaleclomizcd 
and normal guinea pigs 


The effect of intravenous injection of crotalin 
{Crotalus alrox) on the blood histamine 
of guinea pigs 




AMOUNT OF 

EMPHY- 




HISTAMINE CONTENT 

PERCEN- 


•U'EIGHT 

VENOSI 

8EMA 

NUM- 



OF THE BLOOD 

TAGE OF 



INJECTED 


BER 





REDUC- 








Before 


TION 














grams 

mgm. 


vice. 



grams 

mgvi. 


1 

1060 

0.10 


1 

300-400 

10 

++4- 

2 

815 

15 

0.18 

0.16 

11 

2 

300-400 

10 

++ + 

3 

750 

15 

0.22 

0.16 

27 

3 

300-400 

10 

++ 

4 

750 

15 

0.13 

0.076 

41 

4 

320 

10 

+ 4' 4- 

5 

840 

15 

0.13 

0.086 

34 

5 

3S0 

10 

4-4- 

6 

700 

10 

0.20 

0.13 

35 

6 

390 

10 

4-+4- 

7 

710 

10 

0.20 

0.126 

37 

7 

320 

6 

4-4-F 

8 

700 

10 

0.143 

0.10 

30 

8 

340 

10 

4-4 — 1- 

9 

640 

10 

0.066 

0.05 

24 


V 


10 

560 

10 

0.066 

0.05 

24 


Normal 


11 

680 

10 

0.125 

0.07 

44 

9 

300-400 

10 

4-4- 

12 

587 

10 

0.17 

0.11 

35 

10 

300-400 

10 


13 


20 

0.11 

0.05 

54 

11 

300-400 

10 


14 


15 

0.05 

0.035 

30 

12 

350-400 

10 

4-4- 

15 


10 

0.26 

0.20 

23 

13 

350-400 

10 

4-4- 







14 

350-400 

10 

4- 







15 

350-400 

10 

4-4- 







16 

350-400 

10 

+ 







17 

350-400 

10 

4- or 4--H 








To check the possibility of participation of histamine in the production of the 
sj^ptoms, we have tested for histamine samples of blood drawn before and after 
the injection of crotalin or trypsin. A reduction of the histamine content of the 
blood was sometimes very conspicuous after injection of crotalin and was very 
marked in the three cases studied after the injection of trypsin (tables 3 and 4). 
In eveiy case there was a definite reduction of the histamine content of the blood. 
Code has shown an increase of the histamine content of the blood of guinea pigs 
during anaphylactic shock. Crotalin and trypsin produce a release of histamine 
from the lung of the guinea pig perfused in vitro but cause a decrease of the blood 
histamine when injected in vivo. This apparently paradoxical behavior might 
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be explained by the fact that these toxins when injected intravenously come 
first in contact with the white blood cells, which are very rich in histamine, as 
shown by Code (9). The release of histamine from the cells to the plasma and 
the consequent diffusion to the tissues would account for the reduction of the 
total blood histamine after the injection of crotalin or trypsin. On the con- 
trary, in anaphylactic shock in the guinea pig the main liberation of histamine 
takes place when the antigen comes in contact with the tissues. A high pre- 
cipitin titer in the blood seems to protect the animal against the antigen and 
definitely to minimize the effect of the antigen on the production of emphysema, 
reducing the percentage of deaths. The site of action of the injected toxins and 
of the antigen-antibody reaction in anaphylactic shock probably is responsible 
for the difference in the effects produced by them on the blood histamine and on 
the production of emphysema. 

There is less discrepancy in the effects of these toxins and anaphylactic shock 
on the blood of rabbits. Rose and Weil (10) found that the injection of antigen 

TABLE 4 TABLE 5 

EJifecl of trypsin on the Effect of snake venom {Crotalns adamantens) on the blood 
blood histamine of histamine of rabbits 


guinea pigs 


NUM- 

amovnt 

or TRYPSIN 

histamine 

CONTENT 

NUM- 

BER 

c 

DOSE 

1 

1 HISTAMINE 
CONTENT 

! 

TIME OF DEATH 



Before 

After 


K 


Before 

.Mter 


1 

mgm. 

V/cc. 

y/cc. 


kgm . 

vicm. 

y/cc. 

V/cc. 

minutes 

1 

20 

0.06 

0.017 

1 

l.S 

20 

3.2 

2.0 

3 

2 

12 

1 0.3 

0.12 

2 

! 1.9 

10 

2.4 

1.9 

3 

3 

10 

1 0.24 

0.066 

3 

1.8 

' 7 

3.8 

1.92 ' 

5 





4 

2.2 1 

5 

2.4 

0.12 

Died after 15 minutes 





5 

2.4 

5 

2.4 

0.17 

Killed after 20 minutes 


into sensitized rabbits led to a reduction of the total blood histamine. In 
previous experiments it was shonm (11) that trj^psin produced the same effect. 
Katz (12) and Dragstedt and his associates (13) have shovm that the release of 
histamine from cells to plasma and the resulting leukopenia explain the fate of 
the histamine which disappears from the blood of the rabbit. Similar facts hai^e 
been shown wth regard to trypsin (11). Table 5 shows a similar experiment 
performed with crotalin (Crotalus adamanteus). Rabbits were injected 
intravenously with varjdng amounts of the venom and the blood was dravm 
before and after the injection. Sometimes, when a small amount of venom was 
injected, a great reduction of the blood histamine was seen. The smaller reduc- 
tion when larger amounts of venom were injected might be e.xplained by a libera- 
tion of histamine from the tissues, counterbalancing in some way the dis- 
appearance of the histamine from the blood cells. 

The fact that rabbits and guinea pigs behave in a similar wa 3 ' toward the in- 
jection of crotahn or trypsin is very suggestive and is in contrast to the fact that 
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the guinea pig is an exception among the rodents in respect to its great sensitivity 
to anaphylactic shock. The foregoing facts might contribute to an understand- 
ing of the differences in the mechanism of death of rabbits and guinea pigs in 
anaphylaxis, since the former die by circulatory collapse and the latter by 
respiratory arrest and asphyxia. The animal poisons seem to kill primarily by 
circulatory collapse, a fact which might explain the peculiar resistance of the 
guinea pig to these venoms. An idea of the resistance of the guinea pig to the 
circulatory effects produced by anaphylaxis may be had if one prevents the 
occurrence of emphysema. This can be done by injecting a drug such as 
thymoxy-ethyl diethyl-amine (Rosenthal and Brown 14), which prevents the 
immobilization of the lung but is without effect on the circulatory symptoms 
produced by histamine. Sensitized guinea pigs previously injected vith 
thymoxy-ethyl diethyl-amine always recover from a mild and transitory prostra- 
tion, after the injection of the antigen. This shows that the circulatory effects 
of anaphylaxis in the guinea pig are very mild and apparently incapable of pro- 
ducing death. Considering the fact that rabbits, although resistant to anaphy- 
laxis, frequently die by circulatory collapse produced by anaphylaxis, we may 
conclude that guinea pigs are even more resistant than rabbits to this form of 
circulatory impairment. 

The foregoing facts may have some bearing on the general problem of toxemia 
and shock, since, in contradistinction to what happens in anaphylaxis, the toxic 
substances are more likely to enter the blood before reaching the tissues. As a 
matter of fact Dragstedt and Mead (15) were unable to demonstrate any increase 
of the histamine content of the blood after severe experimental surgical shock in 
the dog, and Rose and Browne (16) have shmvn a definite decrease of the hista- 
mine content of human blood after shock producing operations of several kinds. 
The foregoing experiments, performed with toxins which are known to liberate 
histamine, have shoivn that the experimental toxemia produced by direct 
intravenous injection of these poisons is likely to produce a decrease of the 
histamine content of the blood in the animal species studied. Wliat part this 
decrease of histamine content might play in the production of the symptoms 
caused by these poisons is of course a matter of conjecture. 

SUMMARY AND CONCLUSIONS 

The' venom of the rattlesnake (Crotalus atrox) and trypsin (crystalline prep- 
aration), when injected into guinea pigs, produced lethal shock and marked 
hyperemia of the abdominal viscera, but only moderate pulmonary emphysema. 
Adrenalectomy definitely increased the emphysema but apparently did not have 
any appreciable effect on the hyperemia of the abdominal viscera. 

When injected into normal guinea pigs, crotalin and trypsin decreased the 
histamine content of the blood. 

Wffien injected into normal rabbits, crotalin (Crotalus adamanteus) in amounts 
sufficient to produce death in fifteen to twenty minutes caused a marked reduc- 
tion of the histamine content of the blood. After injection of doses that caused 
almost immediate death, the histamine content of the blood was not reduced so 
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profoundly. The reduction of histamine was similar to that found after anaphj’-- 
lactic shock or an injection of trypsin. 

The relation between these facts and what occurs in anaphylactic shock in 
guinea pigs and rabbits as well as the bearing of these facts on the general 
problem of toxemia and histamine content of the blood also has been discussed. 
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The susceptibility of adrenalectomized and hypophysectomized animals to 
the intoxicating effects of excess water, and the replacement value of cortical 
extracts has been well demonstrated (1-5). Few extensive studies, however, 
on the use of crystalline adrenal steroids in protection against water intoxication 
have been made. Earlier work showed that estrogens, androgens and proges- 
terone were ineffective in rats (4) and more recently that desoxycorticosterone 
acetate (referred to hereafter as DCA) will protect the adrenalectomized dog 
( 6 ). 

A study of the comparative potencj'^ of various adrenal preparations in pro- 
tecting against excess water in adrenalectomized rats is reported here. 

Methods. The technique and type of animal used were the same as in 
previous work (5). Briefly, the tests consisted of giving male rats, adrenalec- 
tomized for 18 hours, and fasted for 12 hours, 6 per cent of their bodj'- weight 
of water at five successive hourly inter\’'als. The rate of excretion of the ad- 
ministered water, and the occurrence of prostration, con\ailsions or death were 
the criteria of response. No animal was used for more than one test. In com- 
parable studies made by others on the dog the tests were standardized differ- 
ently, in that the minimal amount of water necessary to produce intoxication 
symptoms was determined (6). 

DCA was used in sesame oil at a concentration of either 2 or 4 mgm. per 
cubic centimeter. Compound E was dissolved in acetone, sesame oil added and 
most of the acetone then removed to make a concentration of 4 mgm. per cubic 
centimeter. Adrenalectomized controls received these solvents in part of the 
cases vdthout varying results. 

The compound E (17-h3’-drox3’^-ll-dehydrocorticosterone), amorphous frac- 
tion, and unfractionated extract of the adrenal cortex in aqueous solution ^yere 
prepared in the laboratories of Dr. E. C. Kendall. Desoxycorticosterone acetate 
(Cortate) was kindlj’^ supplied bj"^ Dr. Erwin Schwenk, Schering Corporation 
and Eschatin bj’’ D'r. Oliver Kamm, Parke-Davis & Companj'. The extract of 
the adrenal cortex in oil was prepared for us at Princeton University. 

Divided doses of the hormones in oil, given subcutaneouslj’', were used unless 
otherwise stated. Ten per cent of the total dose was injected immediately 

* Aided by a grant (to R. G.) from the American Philosophical Society. 
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after operation, 70 per cent one hour before water was given, and 20 per cent 
with the fourth dose of water. Slight variations in this procedure did not vary 
results. Large single injections of DCA were almost equallj'’ effective at 1 or 
15 hours before administration of water, but less effective than the same treat- 
ment in divided doses (fig. 1, col. 6, 7, 3). Related experiments (not included 
in figure) indicated that with smaller doses of DCA a better effect was obtained 
with a single injection if given at 1 hour rather than 15 hours before water was 
given. 

Hormones in aqueous solution were given intraperitoneally as follows; 10 
per cent of the total dose immediate^ after operation, with the remainder 
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Fig. 1. Graph showing the percentage excretion of standard doses of water, given by 
stomach tube, to variously-treated rats. The numbers along the abscissa are for column 
identification. All animals were adrenalectomized except those in column 1. Each dot 
represents an individual animal. All treatments were given in divided doses except for 
those marked “single.” The location of the dots for animals that died are not in scale to 
represent their water excretion. The solid line across each column locates the median 
figure for the group. DCA = deso.xycorticosterone acetate; C.E. = unfractionated adrenal 
cortical extract: Esch = Eschatin. 

divided into four equal portions given at the same time as the first four doses of 
water. Large single doses of Eschatin were effective if given 1 hour before the 
water, but not at 15 hours (fig. 1, col. 15, 16). 

Characteristics of water intoxication in rats. The dose of water used in these 
tests was not sufficient to cause any sjTnptoms of intoxication in normal rats 
in which somewhat more than 90 per cent of the water given could generally be 
recovered as urine by 11 hours (fig. 1, col. 1). The output of urine was measured 
at regular intervals throughout a 24-hour period, but the total excretion of water 
at the nth hour was as good an index of response as the whole 24-hour curve 
and IS the figure illustrated here. ’ 
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Untreated adrenalectomized rats, without exception in our experience, were 
unable to excrete the water at a normal rate (fig. 1, col. 2) and in most cases 
either died or were prostrated or con\Ti]sive. A replacement therapy was con- 
sidered complete if the animals were free from these symptoms and had ex- 
creted approximately 90 per cent or more of the administered water by 11 hours. 

Quantitative studies were difficult in adrenalectomized animals, because of 
variable indhddual sensitivities to the administration of water. We have not 
been able to eliminate this by control of experimental conditions. In a group 
of animals that was almost complete^ protected by the hormones of the adrenal 
cortex there would generally be some which were little benefited. This ac- 
counts for the ranges noted in the graph. IMore rarely an abnormally high 
excretion of water was exhibited. In view of these facts the median was con- 
sidered a more correct expression of average results than the mean. As would 
be expected, the variability increased as dosages of protective substances ap- 
proached minimal effective levels. Despite the variability, however, dose- 
response relationships for any given preparation were always in consistent order, 
when expressed either in mean or median terms, even with the necessarily small 
number of animals used vuth the rarer substances. 

Effects of unfractionated cortical extract in oil. This preparation was tested 
both for its influence in maintaining life and growth in thirty-da 3 ’'-old adrenalec- 
tomized male rats and for protection against excess water. The dose necessary 
to maintain a mean growth of 1.5 gram per day and life in 80 per cent of the 
iudividuals for ten days lay between 0.05 and 0.1 cc. daily, probably nearer the 
former. Eight-tenths cubic centimeter was the minimal amount required for 
complete protection against water intoxication (fig. 1, col. 13, 14). In other 
words, the dose required to protect against water intoxication approximated 10 
times the daily life-maintaining dose. 

Effects of desoxycorticosterone acetate. DCA was likevdse compared for its 
abilit}’^ to protect against excess water and for its effect on life-maintenance. 
We found that the minimal dose for life maintenance approximated 0.05 mgm. 
DCA daily. If its effectiveness in water intoxication had been in the same ratio 
to life and growth maintenance as that of the extract of the adrenal cortex (10:1) 
then 0.5 mgm. DCA should have prevented symptoms of water intoxication. 
This was found not to be true. It was only with a dose of 3 mgm. DCA that 
we could get a resistance to excess water which approached normal, although 
lower doses were distinctly beneficial (fig. 1, col. 3, 4, 5). 

To state the above results in simpler equivalents: 1 mgm. of DCA was some- 
what better than 1 cc. of cortical extract for maintenance of life, but in protec- 
tion against water about 4 mgm. DCA were needed to exert the effect of 1 cc. 
of the extract. 

We considered the possibility that the relative ineffectiveness of DCA in water 
intoxication was due to the fact that it was slowly absorbed. 

All animals were kept for a week after the experiment, if they lived that long, 
to see if those treated with DCA lived and remained free of insufficiency longer 
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than those treated with substances more effective in the acute water test. No 
differences were noted. 

Effect of compound E (17-hydroxy-ll-dehydrocorticosterone). This compound, 
tested at two dose levels, was highly efficient in protection against excess water 
(fig. 1, col. 8, 9). One milligram gave the best replacement we have obtained 
with any substance, and was probably better than 3 mgm. of DCA. 

Effect of amorphous fraction and cortical extract in aqueous solution. These 
two preparations were of approximately equal potency for the maintenance of 
adrenalectomized dogs — 1 cc. daily being needed. It has been established that 
in several other specific effects the amorphous fraction is weak or lacking in 
activity (7). The whole extract gave full replacement against water intoxica- 
tion with a 1 cc. dose (1 cc. = 75 grams fresh glands) (fig. 1, col. 10). At a similar 
dose level, the amorphous fraction was ineffective, as indicated by death of half 
of the animals and a poor water excretion in the survivors. At a 2 cc. dosage 
the amorphous fraction exerted a beneficial effect, but one decidedly inferior 
to either 1 cc. of the extract or 1 mgm. compound E (fig. 1, col. 11, 12). 

Discussion. These water-intoxication tests demonstrate quantitatively 
different effects of various adrenal cortical substances. These differences were, 
however, only ones of degree, as all preparations were helpful at some dose level. 
It would seem that protection against the toxic effects of water is more effectively 
provided by those compounds vdth an atom of oxygen at Cn- These compounds 
are also highly active in stimulating gluconeogenesis, in the maintenance of 
muscular efficiency, in causing th^Tnic atrophy, and in the support of lactation, 
but are relatively weak in the maintenance of life, growth, electrolyte balance 
and renal function (7). It might be expected that the compounds more active 
in the latter category, such as desoxycorticosterone and the amorphous fraction, 
would be the ones most effective in protecting against excess water; and the 
basis for a correlation of the water-intoxication responses ■with the special sphere 
of activity of the oxygen-at-Cn compounds is not clear. This is probably be- 
cause the nature of the basic derangement in water intoxication is not well 
established. 


SUMMARY 


The effects of various cortical extracts and compounds in protecting adrenalec- 
tomized animals against water intoxication were studied, and the following 
conclusions drawn; 

1 . hen compared to a whole extract of the adrenal cortex, desoxycorticos- 
teione is relativel}'’ less effective in protection against excess water than in the 
maintenance of life and groudh. 


2. Compound E was at least three times as efficient as desoxycorticosterone 
acetate in protecting against excess water. 

^ 3. The amorphous fraction was only weakl 3 ’- effective in preventing water 
mtoxicaHon when compared mth a whole extract of equal potency in maintain- 
ing life m the adrenalectomized dog. 

4, .\11 substances used were, however, beneficial if adequate doses were given. 
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THE EXCRETION OF RESPIRATORY TRACT FLUID 
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Direct proof is lacking for the commonly made statement that fluid material 
produced in the respiratory airwaj’- (respiratory tract fluid or R.T.F.) is nor- 
mally carried up and excreted through the trachea. That such a mechanism 
does exist has been deduced from a number of observations. The tools exist 
for just such a job, as ciliated mucosa lining the airwa}’-, the presence of the 
bronchial muscles of Reisseisen, cough and churning respiratory movements. 
A number of foreign materials have been shown to be excreted from the lungs 
via the trachea, such as dj’'es, silica and certain parasites. The cilia-propelled 
upward passage of particles such as bits of cork has been visualized. These 
are all well kno^vn facts and upon them and related e\ddence, it has been con- 
cluded that normal R.T.F. is excreted up the trachea. 

Nevertheless this has not been proven, apart from coughed up sputum uliich 
may not be regarded as normal or universal, because R.T.F. has never been 
quantitatively collected from the trachea and measured under conditions uLich 
would prove that there is an upward excretion. A method for collecting R.T.F. 
has been recently described by Boyd and Perry (4) . In this method, animals 
are anesthetized udth eth}! carbamate, a tracheal cannula is inserted and the 
animal partially suspended upside down to allow R.T.F. to drain out of the 
respiratory system. Under these conditions, an appreciable amount of R.T.F. 
could be collected from cats and rabbits but the experiment did not prove that 
R.T.F. was being carried up to the trachea in these animals. To investigate 
this probability, we have compared the output of R.T.F. drained from the lungs 
of cats which were suspended upside dowm with the output in cats lying in the 
prone position, the normal position of the axis of the body in this .species. A 
diagram of the arrangement is shown in figure 1. 

The animals were anesthetized with ethyl carbamate intraperitoneally sup- 
plemented with procaine hydrochloride locally. A side-armed cannula was in- 
serted into the trachea and connected with a collecting tube and an air condi- 
tioning unit as illustrated diagrammatically in figure 2. The air conditioning 
unit warmed the inhaled air to body temperature and saturated it vith water 
vapour. To accomplish this, air passed over tra 3 ^s of cotton kept continuously 
moist with dripping water and warmed by electric bulbs. The efficacy of the 
apparatus was tested from time to time by drawing the air from the conditioner 
into a chamber and measuring its temperature and relative humidity. All ex- 
posed parts were insulated to prevent condensation of water vapour. ’ A num- 

3S3 



384 


ELDON M. BOYD AND ALICE RONAN 


ber of experiments were performed to ascertain that the fluid collected and 
called R.T.F. was not condensed water vapour; of these, the most striking evi- 
dence in proof was the occasional collecting of no R.T.F. over a period of some 
hours, which would be impossible if water vapour were condensing and collecting 
in the receiving tube. 

The experiments described herein were performed in the summer months. 
During this season, the output of R.T.F. is greater than in the winter months 
(4) and the lungs and trachea contain more water than they do in the mu- 
ter (1, 2). 

The animals were attached vertically head dovniward, or nearly vertically, for 
several hours and the output of R.T.F. per kilo body weight per hour determined. 
Then they were placed prone upon their bellies for several hours and the output 
of R.T.F. again measured. In other instances, the order of procedure was 
reversed, beginning with the animals prone and then inverted, so that approxi- 
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Fig. 2 

Fig. 1. A diagrammatic representation of the excretion of respiratory tract fluid by the 
lung of the cat in the inverted versus the prone position. 

Fig. 2. A diagrammatic representation of the method of collecting respiratory tract fluid. 


mately half the animals were started in the prone and half in the inverted 
position. 

The average results in 15 such experiments in cats have been summarized 
in table 1. In 6 instances cats in the prone position put out more R.T.F. than 
in the inverted position. In 3 instances the output was the same in both posi- 
tions and in 7 instances cats excreted less in the prone than in the inverted 
position. It is obvious from these data that the position of the cats was not 
a factor influencing the output of R.T.F. Thus, when the data were averaged, 
it happened that the mean output per kilo per hour turned out to be exactl}’’ 
the same in each case. The mean value was 0.21 ml. per kilo body weight per 
hour as shown in table 1 and figure 1. 

Indirect evidence was obtained in the rabbit confirming these results in the 
cat. For other reasons, no direct comparison was made with rabbits in the 
prone and then in the inverted position on the same da 3 L In May, 1941, ex- 
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periments were performed on a total of 24 rabbits arranged in the inverted 
position and the mean output of R.T.F. was 0.10 ml. per kilo per hour. In 
July, 1941, similar experiments were performed on 10 rabbits arranged in the 
prone position and the mean output of R.T.F. was 0.11 ml. per kilo per hour 
and in early September, 1941, a further 12 experiments were done on rabbits 
in the prone position nith a mean output of 0.12 ml. per kilo per hour. Thus 
the average of 24 rabbits arranged in the inverted position was 0.10 ml. per 
kilo per hour and of 22 rabbits arranged in the prone position was 0.12 ml. per 
kilo per hour. These two means are not strictly comparable on a postural 
basis since an interval of several weeks ensued between them and there may 
have been some variation due to season. An5'' seasonal variation at this time 
of the year would probably be of a minor degree because Boyd and Johnston 
(1, 2) found no marked changes in lung and tracheal water from late spring 
until the autumn. In view of these considerations, it seems reasonable to 

TABLE 1 


A comparison of the hourly output of respiratory tract fhdd {ml. per kilo body weight per hour) 
of cats arranged in the prone and in the inverted positions 


EXPERIMENT 

NUMBER 

PHONE POSITION 

INVERTED 

POSITION 

EXPERIMENT 

NUMBER 

PRONE POSITION 

INVERTED 

POSITION 

1 

0.47 

0.40 

9 

0.46 

0.11 

2 

0.33 

0.19 

10 

0.15 

0.10 

3 

0.19 

0.19 

11 

0.13 

0.15 

4 

0.09 

0.28 

12 

0.20 

0.19 

5 

0.05 

0.05 

13 

0.16 

0.19 

6 

0.05 

0.07 

14 

0.38 

0.38 

7 

0.15 

0.20 

15 

0.21 

0.44 

8 

O.OS 

0.20 

Mean 

0.21 

0.21 


conclude that in rabbits, as in cats, the output of R.T.F. is just as extensive 
vdth the animal arranged in the prone as in the inverted position. 

What mechanisms are responsible for this excretion of R.T.F.? In a con- 
sideration of this question, the respiratory tract may be divided into two re- 
gions which may be termed a, the alveolized region, and 6, the bronchialized 
region. The alveolized region consists of the pulmonaiy alveoli, the alveolar 
sacs, the atria, the alveolar ducts and the respirator^'' bronchioles, a region which 
may be considered embryologically as derived from mesoderm (8), which is 
histologicallj'' distinct and physiologically relegated primarily to the function 
of gaseous exchange. The bronchialized region extends from the terminal 
bronchioles of 0.5 mm. diameter up to and including the trachea; it is primarily 
of endodeimal origin, anatomically distinct from the first region and physio- 
logically acts as an aii conducting and fluid secreting structure. 

In tlm alveolar region there are no cilia and but occasional smooth muscle 
fibres (7). The velocity of air movement during coughing is probably insuffi- 
cient to affect any fluids present; the velocity has not been measured in the 
lung alveoh but it has been estimated in the respiratory bronchiole to be of 
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the order of 3 miles an hour during coughing (6). Some of the fluids in the 
alveolized region are absorbed into the pulmonary circulation or into the lym- 
phatics, either directly or via the intra-alveolar histiocytes and this may be 
the most effective means of removing such fluids (9). Gordonoff (5) believes 
that the churning movements of respiration are the most important mechanism 
for draining this part of the tract and, for that matter, of the respiratory air- 
way in general. Policard (8) suggests another mechanism; he says that when 
air is dravoi into and expands an alveolus to capacity, it must squeeze out any 
fluid present and force it up into the bronchiolar passages. 

In the bronchialized region there are a number of mechanisms present which 
may function to excrete R.T.F. The lining of ciliated columnar epithelium 
is capable of propelling particles along at the rate of 2 to 5 cm. per minute (3). 
There is present a geodesic network of the bronchial muscle of Reisseisen which 
passes through a systole and diastole during expiration and inspiration and 
probably aids in the excretion of R.T.F. but whether in a peristalsis-like manner 
is open to question (6). The velocity of air expired during coughing becomes 
progressively greater as the bronchiolar diameter increases and it reaches a 
maximum of the order of 100 to 200 miles an hour in passing through the glot- 
tis (6). The R.T.F. is enriched with secretions from the calciform or goblet 
cells and the acinar bronchial glands. Finalty the R.T.F. is at least kept mixed 
and churned by the mechanical movements of respiration. 

These various mechanisms suffice to maintain a continuous upward stream- 
ing of R.T.F. In the cat and rabbit anesthetized with ethyl carbamate, the}" 
suffice to excrete between 1 and 20 ml. of R.T.F. per day. This would corre- 
spond on a body weight basis to the excretion of from 30 to 600 ml. per day 
by an average man. 

SUMMARY 

It was found that cats anesthetized mth ethyl carbamate and tracheotomized 
excreted as much respiratoiy tract fluid (R.T.F.) in the prone as in the inverted 
position. The average excretion, measured in the summer months, was 0.21 
ml. per kilo bodj’- weight per hour. This finding indicated the presence of an 
effective mechanism for the excretion of R.T.F. Confirmatory data were ob- 
tained in rabbits. The mechanism of excretion was discussed. 

Acknowledgment. The authors vdsh to thank Mr. E. R. Angehrn and the 
Ciba Company of Montreal, Canada, for a grant in aid of this research. 
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In a previous publication the extraordinary tolerance of the newborn of various 
species to anoxia was described (1). Mature animals succumb after breathing 
undiluted nitrogen for approximately 3 minutes while the average values for 
newborn animals are: rats, 50 minutespcats, 25 minutes; dogs, 23 minutes; 
rabbits, 17 minutes; and guinea pigs, 7 minutes. Various factors permitting 
this prolonged suiwival were discussed. These include a, degree of development 
at the time of birth, i.e., the guinea pig is more advanced than the rat; b, rate 
of cerebral metabolism which is lower in the infant than in the adult, and c, 
anaerobic sources of energy. The last of these factors is the subject of the pres- 
ent investigation. It is well established that the process of glycolysis may afford 
energy. The anaerobic breakdoum of carbohj’-drate with a release of energy 
occurs in the series of transformations; glucose phosphate — > triose phosphate — > 
phosphoglyceric acid — ^ pyruvic acid — > lactic acid. These changes are in- 
inhibited b}’^ fluoride at phosphoglyceric acid and by iodoacetate at triose 
phosphate. 

Method. As in the previous study, animals rvere placed in a jar in which 
nitrogen was substituted for air. Sodium iodoacetate, 0.18 mgm. per gram or 
sodium fluoride, 0.5 mgm. per gram, was injected subcutaneous^. Both the 
carbohydrate stores and the level of the blood sugar were altered in different 
experiments, hypoglycemia being induced by the injection of insulin and hyper- 
glycemia by the intraperitoneal injection of glucose. The lactic acid contents 
of the brain and of the whole animal were determined before and after exposure 
to nitrogen. Some of the animals were injected with iodoacetate and others 
served as controls. To stop glycolysis the isolated head or whole body was 
rapidly frozen in dry ice and ether. The frozen material was then triturated in a 
solution of 2 per cent iodoacetate and the lactic acid contents of the tissues and 
the suspending fluid were estimated by the method of Friedemann, Cotonio and 
Shaffer (2). 

In order to dissociate the effects on brain from those on other organs, newborn 

» Aided by a grant from the Child Neurology Research (Friedsam Foundation). 

- Deceased November 23, 1940. 
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rats were decapitated (3) and the duration of the gasping reflex of the isolated 
head determined. lodoacetate or fluoride was injected in other newborns before 
decapitation and the effects of these drugs on the gasping reflex were studied. 
The influence of these drugs on the duration of life Avas observed in animals 
injected with the same amount of iodoacetate or fluoride, but not decapitated. 
Comparative studies were made in an atmosphere of 5 per cent CO 2 in N 2 and 
the CO 2 released by the neAAdy formed lactic acid was measured in the Warburg 
apparatus. Cerebral tissues excised from newborn and adult rats were used 
for these studies. 

Results. The concentrations of iodoacetate and fluoride used permitted 
sur\dval of the newborn rats for approximately 50 minutes Avhen breathing air 
(table 1). Other rats injected Avith these same inhibitors and respiring nitrogen 
lived on an average 3 minutes A\dth iodoacetate, and 16 minutes AAuth fluoride 
before they succumbed in rigor. The effects of the same dosage of these dnigs 
on the duration of the gasping reflex of the, isolated head are included in table 1. 
It may be seen that the gasping period is shortened by previous injection of either 
iodoacetate or fluoride. 

Table 2 presents the increase in lactic acid contents of the animals that 
survived in nitrogen for 50 minutes. Those animals injected with iodoacetate 
succumbed with no increase of lactic acid. Each value represents the average 
of 9 obseiwations. 

In table 3 are disclosed the increases of lactic acid in the brain of neAvborn 
rats subjected to nitrogen. 

The observations on glycolysis of the excised cerebral tissues yielded an average 
value of 215 cu. mm. of carbon dioxide or 0.86 mgm. of lactic acid per 100 mgm. 
of tissue in 27 experiments on adults. The average of 26 experiments on new- 
borns was 100 cu. mm. of carbon dioxide or 0.4 mgm. of lactic acid per 100 mgm. 
of tissue per hour. 

Table 4 reveals the effects of hyperglycemia and hypoglycemia on the survival 
time in nitrogen. 

Discussion. The results of these experiments stress the importance of 
carbohydrate as an anaerobic source of energy for the young. The general 
increase of lactic acid in the body is the resultant of the anaerobic clcaAmge of 
carbohydrate in the various parts; striated and cardiac muscle, brain and other 
organs Avith the probable exception of the liver. The rise of lactic acid (table 3) 
in the brain is due only in part to diffusion from the blood. A portion of the 
cerebral lactic acid is produced by the anaerobic splitting of carbohydrate in that 
organ. As showm by Holmes and Hohnes (4) the concentration of cerebral lactic 
acid deAmloped under anaerobic conditions is proportional Avith the leA'^el of 
blood sugar and the latter is increased as a result of glycogenolysis in the liver. 
A portion of the lactic acid may be a result of the breakdoA\m of brain glycogen. 

If carbohydrate is important as an anaerobic source of energy, alterations in 
the amount of this substance should change the survival period. In those experi- 
ments in which the carbohydrate stores of the body were raised by the intra- 
peritoneal injection of glucose, the increased duration of survival may be at- 
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TABLE 1 

Effect of iodoacetate and sodium fluoride on survival time and gasping reflex of newborn rats 



1 MOM, PER QM. 

AVERAGE SITR- 
VIVAIi TIME OF 
IlfTACT ANIMAL ] 
IN AIR 

1 average sur- 
NTVAL TIME OF 
INTACT ANiaiAL 
IN NITROGEN 

, AVERAGE GASP- 
ING TIME OF 
ISOLATED HEAD 



minutes 

minutes 

minutes 

Iodoacetate 


50 

3 


Sodium fluoride 


50 

16 

7 

TJninjected control 

■1 

Continues 
to live 

50 . 

20 


TABLE 2 

Iodoacetate and anoxia in newborn rats 


CONDITIONS 

AVERAGE 
SURVIVAL TIME 

AVERAGE 
LACTIC ACID 


mVnti^es 

50 

3 

50 

mgm. % 

41 

38 

145* 

TnHnnofttntp. in nitrogen 

T'Jit.rngen only 



* Determined after 40 minutes in nitrogen. 


TABLE 3 


Lactic acid increase in brain of newborn rats subjected to nitrogen 


AGE 

LACTIC ACID BEFORE ANOXIA 

LACTIC ACID AFTER ANOXIA 

PERIOD OF ANOXIA 

days 

mgm. % 

mgm. % 

minutes 

1 

63 


40 

1 

55 

180 

40 

1 

50 

186 

40 

7 

29 


20 

8 

26 

116 

20 


TABLE 4 


CONDITIONS j 

BURITVAL TIME 

AGE OF RATS 

Hypoglimemia and anoxia 

Anoxia 

minutes 


Anoxia + insulin hypoglvcemia. . . 

20 

J^eu’born 


Newborn 

Hyperglycemia and anoxia 

Anoxia 


8 days 

8 days 

Anoxia + glucose 





tributed to tbe augmentation of this anaerobic source of energjL This could be 
demonstrated better in rats 8 days old than in the newborn for the former survive 
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for the shorter period of 16 minutes of anoxia, and excessive hj^perglycemia, too 
prolonged, results in convulsions and death. The longer survival of newborn 
rats affords the best opportunit}^ to study a decrease in this period. When ani- 
mals were subjected to hypoglycemia and anoxia, the duration of the anaerobic 
survival was shortened (5) . Many other workers have studied the simultaneous 
effects of hypoxia and alterations of blood sugar level in mature animals and 
men. A S 3 mergistic action of hj'-poglycemia and anoxia has been emphasized 
by Gellhorn (6). McFarland and Forbes (7) also reported that the administra- 
tion of sugar maj'^ overcome, to some extent, the visual disabilities produced by 
anoxia, while hjrpoglj’-cemia may accentuate them. 

The experiments with iodoacetate and fluoride demonstrate the importance 
of carbohydrate as an anaerobic source of energy (8). Concentrations of these 
dmgs adequate to inhibit gl 3 ’^colj’^sis shorten the survival period when the infants 
are placed in an atmosphere of nitrogen, but nevertheless permit life in air for a 
considerable time. 

The experiments on the duration of the gasping reflex reveal that both iodo- 
acetate and fluoride exert an inhibitory effect on the anaerobic processes which 
produce the energ 3 '’ necessary for gasping. The results obtained with the iso- 
lated head are not influenced secondarily by changes of other parts of the body. 
For example, after administration either of iodoacetate or fluoride and exposure 
to nitrogen the heart stops practicall 3 '^ simultaneously with respiration . Without 
these inhibitors the heart continues beating for some time after respiration has 
ceased. 

From a great volume of previous work it has been disclosed that the brain is a 
limiting factor in tolerance to anoxia. The infant possesses a rate of cerebral 
metabolism and 0 X 3 fgen utilization lower than that of the adult (9, 10, 11) 
thus requii’ing a smaller amount of energy for the maintenance of function and 
life. Observations in which the metabolic rate was raised b 3 '- increasing the 
environmental temperature of the poikilothermic newborn rats from 24° to 34° 
disclosed a shorter anoxic survival peiiod. This increase in temperature must 
necessaril 3 ’^ raise the requirements of the brain. The rate of glycoh^sis (12) 
is increased at the higher temperatures. This -augmented gl 3 ’’colysis causes a 
a more rapid utilization of the available carbohydrate. 

Experiments, in which gtycolysis was studied in adult and infant excised 
cerebral tissues at a temperature of 38°C, demonstrated a much lower rate in 
the infant. This low metabolism, however, is adequate to maintain the lesser 
requirements of the infant brain as evidenced by the continued function of the 
respirator 3 ’^ centers in the absence of oxygen. It should be mentioned, however, 
that in the adult neither lowering the metabolic rate b 3 ’’ freezing nor raising the 
carboh 5 "drate stores by the injection of glucose alters significantly the short 
survival period in nitrogen. 


SUMJU.RY 

The importance of carbohydrate as an anaerobic store of energy has been 
studied in the newborn rat. An increase of the carbohydrate stores permits 
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longer survival in nitrogen while a decrease has the reverse effect. The in- 
jection of iodoacetate or fluoride shortens the survdval period in nitrogen, pre- 
sumabl}’- by preventing the breakdown of carbohydrate. The rate of cerebral 
glycolysis in the newborn is slower than that of the adult. This slow rate appears 
adequate to support the lower metabolic demands of the infant brain for a 
considerable period in the absence of oxygen. 
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Therapeutic practice based on the assumption that the water content of the 
tissues is increased by a diet rich in carbohydrate and reduced by one containing 
a large amount of fat (1-6), add a practical to the theoretical interest attached 
to the problem of the dietary control of tissue hydration. It has been shown 
experimentally (7) that neither a high carbohydrate nor a high fat ration pro- 
duce changes of any appreciable magnitude in the amount of water contained 
in the various organs of the albino rat. The water content of the skin, however, 
was not determined. Since it is possible that changes in the diet might affect 
the hydration of the skin, as would appear to be the case from the observations 
of Adlersburg and Forges on man (1), the present study was undertaken to sup- 
plement our previous experiments. Although the primary interest was the 
effect of a high carbohydrate-low fat diet as compared with one containing a 
relatively small amount of carbohydrate and a large proportion of fat, the 
effect of a well diversified stock diet was also studied. Analyses were made of 
the fat, nitrogen and glycogen content of the skin to ascertain whether there 
was any correlation of these constituents on the one hand with the type of diet 
and on the other vuth the water content of the skin. 

Method. Eight groups of triplicate litter mates of male albino rats and the 
same number of females were selected at weaning and fed a food mixture similar 
to the Wistar Dry Ration for ten days. At the end of this period they were 
placed on the experimental rations. One animal in each group was fed a stock 
ration (7) supplemented by Purina dog chow, lettuce, cabbage, milk and hard 
boiled eggs; the second a high carbohydrate, and the third a high fat ration. 
The carbohydrate ration contained 70 per cent sucrose and the fat ration 60 
per cent lard and 20 per cent sucrose, the remainder of both rations consisting 
of 15 per cent casein, 10 per cent Fleischmann’s yeast and 5 per cent Osborne- 
Mendel salt mixture. Each animal in the three groups was given daily seven 
drops of a 6 : 1 cod liver oil-linoleic acid mixture by medicine dropper. Suffi- 
cient food and water were at their disposal at all times to allow them to eat and 
drink ad libitum. 

The animals were kept on the different rations for 70 daj's and at the con- 
clusion of this period fasted 24 hours with free access to water and then de- 

' Preliminary report: This Journal 133: P. 311, 1941. 
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capitated. Approximately 5 cc. blood was collected in a weigliing bottle from 
the bleediag animals for deteimination of its water content. A portion of skin 
was quickly taken from the back and after removal of adherent fat, was divided 
into several parts for analysis of the water, glycogen, fat, and nitrogen content. 
The body was then chopped with a cleaver, ground in a sausage grinder and fi- 
nally passed through a corn mill. This procedure, which was carried out in a 
closed room saturated with water vapor, was found by analysis of aliquots to 
yield a homogeneous mass. Duplicate determinations of the water content 
were made on portions of 5 to 8 grams of the ground material, which was dried 

TABLE 1 


Water content and other constituents of the skin of albino rats on various rations* 


RATION 

MALES 

FEMALES 

Water 

Fat** 

Protein 
(N X 
6.25) 

Glyco- 

gen 

i 1 

Water | 

1 

Fat** 

Protein ' 
(NX 
6.25) 

Glyco- 

gen 


Per cent of wet weight 

Per cent of wet weight 

Stock 

60.3 

6.6 

29.6 1 

0.073 

51.1 

12.0 

25.0 

0.064 

High carbohydrate 

55.1 

9.3 

28.3 

0.069 

43.7 

20.1 

23.5 

0.045 

High fat 

51.4 

17.6 1 

24.5 1 

0.075 

1 

39.2 

31.6 

19.4 

0.050 


* Each value is an average of 8 experiments. 
** As fatty acid. 


TABLE 2 


Body weight and water content of the body and of the blood of albino rats on various rations* 


RATION 

MALES 

FEMALES 

Initial 

weight 

Final 

weight 

Water 
content 
of body 

Water 
content 
of blood 

Initial 

weight 

1 

1 

Final 

weight 

Water 
content 
of body 

Water 
content 
of blood 

Per cent of wet 
weight 

Per cent of wet 
■weight 

Stock 

36 

211 

63.1 

78.5 

41 

173 

61.5 

78.4 

High carbohydrate 

37 

250 

58.7 

80.1 

40 

190 

56.8 

SO.l 

High fat 

37 1 

i 

273 

50.9 

80.4 

40 

214 

48.6 

80.3 


* Each value is an average of S experiments. 


in a desiccator for 48 hours over CaCl2 and finally to constant weight over P2O5. 
The water content of the skin and blood was obtained by the same procedure. 
The fat content was determined (as fatty acid) by the method of Leathes and 
Eaper (S) as described by Feyder (9); nitrogen by the Macro-Kjeldahl method, 
and glycogen by the Good, Kramer and Somog3d procedure (10). 

Results. The analytical data of the experiments are presented in tables 1 
and 2. Ketosis played no part in the experimental results for it has been shovm 
(7) that ketosis is not produced in the rat by the fat ration fed in the present 
experiments. 

From inspection of table 1 a sex difference in the composition of the skin is 
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readily discernible. On all three rations the skin of the females contained a 
definitely lower percentage of water and of protein (N X 6.25) and a higher per- 
centage of fat than the skin of the males. While the difference in the per- 
centage protein between the two sexes was smaller than that of water and of 
fat, it Avas nevertheless statistically significant. The probability of the dif- 
ference being a chance occurrence as calculated b 3 ’- Fisher’s method (11) Avas 
0.004 on the stock ration and less than 0.0001 on the other tAVo rations. In no 
instance Avas the percentage protein in the skin of the males as Ioav as the aA'^er- 
age for the females and, converselj’-, no single value for the females as high as the 
average for the males. The average glycogen content of the skin Avas loAA'er in 
the females than in the males on each of the three rations but the difference 
betAveen the tAVO sexes was not statisticallj’^ significant except on the carbohy- 
drate and fat rations. The actual amount of glycogen in the skin was so small 
that the maximum aAmrage difference between the two sexes is probablj’' of no 
practical consequence. 

The percentage water content of the skin of both the males and females Avas 
loAver on the fat than on the carbohj’^drate ration and in turn loAA’^er on the carbo- 
lij’^drate than on the stock ration. The differences on the three rations are large 
enough to be of practical importance and are all statistically significant. In 
each of the sixteen groups the percentage AA'ater on the fat and carbohydrate 
rations Avas loAver than on the stock ration. The individual differences betAA'een 
the percentages on the fat and carbohj’-drate rations AA^ere also consistent, for in 

15 of the 16 groups thej" Avere loAA'er on the fat ration. 

The amount of fat deposited in the skin Avas definitelj’’ increased bj'- feeding a 
large amount of fat. On the carbohj’-drate ration the fat content of the skin 
was intermediate betAveen that AA'hich obtained on the other tvAm rations. As 
in the case of the AA^ater content the differences in the percentage fat on the 
three rations shoAvn in table 1 are of appreciable magnitude and are statistical!}’’ 
significant. In cA'eiy instance the percentage Avas higher in the fat-fed animals 
than in the litter mates on the carbohj’^drate and stock rations; and in 14 of the 

16 groups it Avas higher on the carbohj'^drate than on the stock ration. The 
increase in the fat content of the skin AA’as accompanied bj’’ an increase in bod}'' 
AA’eight (table 2). 

An inverse relationship between the AA'ater and fat content of the skin is 
obvious from the data presented in table 1. The correlation coefficient for the 
males AA'as —0.77 and for the females —0.70 AA'ith probable errors of ±0.08 and 
±0.07, respectWely. 

With an increase in the aA'erage fat content of the skin on the A'arious rations 
there AA'as a decline in the protein content. In both sexes the percentage protein 
of the skin on the stock ration AA'as approximately 1.5 and 5.0 per cent higher 
than on the carbohydrate and fat rations, respecth'ely. Both differences AA'ere 
statistically significant. The A'alue of P for the smaller difference AA'as 0.006. 
In each of the 16 groups the percentage protein AA'as loAA'er on the fat than on the 
stock ration, and in 13 out of 16 groups it AA'as lower on the carbohydrate as 
compared AA'ith the stock ration. 



DIETART CONTROL OF WATER CONTENT OF SKIN 


395 


The decrease in the percentage protein on the various rations which occurred 
with the increase in the percentage fat would lead one to surmise a positive 
correlation between the water and protein content of the skin in contrast to the 
negative correlation between the water and fat content. Calculations revealed 
a fairly high correlation. The coefficient was +0.57 (P.E. ±0.09) for the fe- 
males and +0.61 (P.E. ±0.09) for the males. 

The negative correlation of the percentage water content of the skin with the 
fat content and the positive correlation with the protein content raises the ques- 
tion; Are the differences in the water content of the skin on the various rations 
to be attributed to the differences in the fat or to differences in the protein con- 
tent? The following solution of the problem is offered: On the assumption that 
the fat in the skin contained an inappreciable amount of water, the percentage 
fat in each experiment was subtracted from 100 to obtain the amount of fat- 
free material in the tissue. This assumption we believe to be justified inasmuch 
as Fenn and Haege (12) in their studies on the liver found that lipid is deposited 
in this organ without water. Kaplan and Chaikoff (13) had previously reported 
that only a minute amount of water accompanies the deposition of lipid. As 
the amount of water in each gram of skin was known, the next step was to cal- 
culate what the percentage of water would have been if there were no fat present. 
The values thus obtained were 64.7, 60.8 and 62.3 per cent water for the skin 
of the males on the stock, carbohydrate and fat rations, respectively, and 58.1, 
54.6 and 57.5 for that of the females. Percentages of the protein content simi- 
larly calculated on a fat-free basis were found to be 31.7, 31.2 and 29.7 for the 
males and 28.4, 29.4 and 28.4 for the females. Correlation coefficients derived 
from these water and protein percentages of fat-free tissue proved to be ex- 
tremely low and of no significance. The coefficient for the data on the males 
was 0.03 and for those on the females 0.39, with a probable error of 0.12 for the 
latter. It would appear, therefore, that the correlations between the water and 
protein content of the skin obtained from the original data, the averages of which 
are given in table 1, were “reflected” and not “true” correlations. These con- 
siderations lead to the conclusion that differences in the percentage water of the 
skin on the various rations should be attributed to differences in the fat and not 
to differences in the percentage protein of the tissue. It becomes apparent that 
the diet may affect the percentage water content of the skin by increasing or 
decreasing the fat deposition in the tissue. 

The mechanism whereby the amount of water in the skin is made to vary 
inversely mth the amount of fat deposited may be either chemical or physical 
in character. The former would obtain if the fat should become an integral 
part of the tissue thereby changing the chemical composition and hydration 
capacity of the tissue cells; the latter, if the fat were to change the percentage of 
vatei bj’’ mere superposition on the cellular substance. The manner in which 
the latter mechanism might operate may be shovm by a simple illustration. If 
0.2 gram fat which contains no water were added to a gram of tissue containing 
0.7 gram water, 0.04 gi-am protein, and 0.26 gram fat and other substances the 
percentage water would be reduced from 70 to approximately 58, although the 
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chemical composition and water content of the non-fat portion of the tissue had 
not changed. In our opinion this mechanism probably accounts for the inverse 
relationship of the percentage fat and percentage water content of the skin. 
This opinion is based on the small differences in percentage water calculated on 
the fat-free basis in the manner described in the preceding paragraph, as com- 
pared with the much larger differences shown in table 1. It is recognized, how- 
ever, that the evidence at hand is not conclusive and it is possible that both 
the chemical and physical mechanisms may be operative. A final decision must 
await further investigation. 

Since the addition of fat to the tissue can change the percentage protein and 
water by the weight factor alone without affecting the chemical composition 
of the cellular substance, it is possible that the differences in the fat content of 
the skin of the males and females may have produced in this manner the differ- 
ences in the percentage protein and water of the skin of the two sexes. In this 
event the differences in protein and water would not have been true sex differ- 
ences but would have merely reflected the sex difference in the fat content of the 
skin. That such was not the case becomes evident upon inspection of the values 
for the percentage protein and water calculated on a fat free basis. It will be 
observed that in these derived values a sex difference persists on all three rations. 
Mathematical analysis showed that the differences were all statisticallj’’ sig- 
nificant. The difference in the percentage protein and water as well as the 
percentage fat of the skin therefore represents a true sex difference. 

The various rations had an effect on the percentage water of the entire body 
corresponding to that on the skin (c/. tables 1 and 2) . This effect is doubtless 
due to the differences in the percentage water of the skin on the three rations, 
for it has been shown (7) that differences in the water content of the muscle and 
various iptemal organs on the rations used in these experiments are too small 
to have an appreciable effect on the percentage water in the entire body. 

An interesting observation of these experiments for which at present we can 
offer no satisfactory explanation is the change in water content of the blood 
induced by the carbohydrate and fat rations. On both these rations the blood 
contained the same amount of water which in turn was significantly higher than 
on the stock ration. The values on the carbohydrate and fat rations were higher 
than those on the stock ration in each of the 16 groups. 

CONCLUSIONS 

A sex difference obtains in the percentage fat, protein and water of the skin 
of albino rats. In the females the fat content of the skin is higher while the 
percentage protein and water is lower than in the males. 

The percentage water content of the skin of both sexes was found to be appre- 
ciably lower on a high fat than on a high carbohydrate ration, and lower on a 
carbohydrate than on a well diversified stock ration. 

Differences in the percentage water content of the skin on the various rations 
were reflected in the total percentage water content of the body. 
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The percentage water in the skin was in inverse relationship to the percentage 
fat and in direct relationship to the percentage protein. 

It is concluded that the positive correlation between the percentage water and 
percentage protein was not a tine correlation but was the resultant of variations 
in the fat content. The differences in the percentage water of the skin on the 
various rations are attributed to differences in the deposition of fat in the tissue. 
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The great varietj'’ of changes which are observed after hypophysectomj'- or can 
be produced by administration of pituitaiy extracts has led to an equall}’' great 
number of postulated “hormones.” The existence of only six of these, however, 
Can be regarded as established by their isolation and purification in several 
laboratories. Methods which lead to highly purified preparations of these six 
hormones have been worked out in this laboratoiy; this has made possible a 
systematic investigation to determine how far certain metabolic effects of cnide 
pituitary extracts can be attributed to any of the accepted six or must be due to 
separate factors yet to be purified. Of the hormones at our disposal two appear 
to be chemically pure, lactogenic hormone (1) and one of the gonadotrophins, 
interstitial cell stimulating hormone (ICSH) (2). The other gonadotrophin, 
follicle stimulating hormone (FSH) (3) at its present state of purification reveals 
its specific effect at doses of 0.003 mgm. and appears to be contaminated mth 
ICSH but with none of the other four hormones.- Thyrotrophic hormone (4) 
exerts its specific effect at about 0.01 mgm. and appears to be contaminated 
with ICSH and a verj^ small amount of growth hormone.® Growth hormone, 
active also at about 0.01 mgm. contains adrenocorticotrophic hormone but no 
other established hormone (S)."* Adrenocorticotrophic hormone is the least 
purified, at least in the chemical sense. While compai'atively great doses of 
this hormone are needed for adrenal stimulation (0.05 mgm. daily in hypophj’’- 

* Aided by grants from the Board of Research of the University of California and the 
Rockefeller Foundation, New York City, and Parke, Davis and Company, Detroit, Michi- 
gan. We wish to acknowledge assistance from the Works Projects Administration, Project 
no. OP-65-1-08, Unit A-5. 

- Contaminations with traces (i.e., less than 1 per cent) -would escape most present meth- 
ods of bioassay; ■v\'liile it is recognized that such traces of contaminating hormones may be 
present in all hormone preparations isolated from the pituitary, it appears unlikely that 
they exert any biological activity at such low levels and they will be disregarded in this 
discussion, 

’ In view of the fact that thyroxin at certain levels causes a limited -weight gain in young 
hypophysectomized rats, it is difficult to say how' far the slight weight gain produced by high 
doses of thyrotrophic hormone may be due to grow'th hormone contamination, and how' far 
to stimulation of the thyroid. 

Recent advances in the purification of adrenocorticotrophic and growth hormones 
achieved by Doctors Li and Marx have considerably reduced their respective contaminants; 
such preparations will be used as far as possible in future work. 
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sectomized rats), it proves to be appreciabty contaminated only ^vitb lactogenic 
hormone.^ The approximate state of biological purity of the various hormone 
fractions employed during this and the ensuing investigations will be illustrated 
bj'^ figure 1. 

It has long been known that “after hj^pophysectomy the percentage loss in 
weight by the liver is somewhat greater than that of the whole body and that in 
growth hoi-mone-treated rats, the liver gains more in weight, relatively, than the 
rest of the Irody” (6). The nature of the increase in liver weight following 
administration of growth hormone to normal rats has been studied by Lee in 
some detail (6, 7) . It was found to represent a tme growth effect, i.e., the livers 
contained absolutely more cells, more nitrogen, more water and less fat. By 
use of the paired feeding technique it was also established that this effect was 
not due to an increased food intake of the treated rats. The growth hormone 
preparations used were not characterized in regard to their freedom from or 
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Fig. 1. State of purity of anterior pituitary hormones employed for metabolic studies. 
Approximate’degree and nature of contamination.^ 

contamination uith other active principles of the pituitarj'. This appears of 
importance in view of the grouTh stimulating effect of a single Kigh dose of 
thyroxin on the livers of rats, noted by Sternheimer (8). This brought up the 
question as to whether the liver growth effects produced b 3 ’- Lee with pituitaiy 
extracts might not be mediated bj-^ the thjToid gland. 

Methods. Groups of 8 to 10 hypopltysectomized female rats, 26 to 28 daj^s 
at operation and 6 to 8 da 3 's (in one experiment IS da 3 "s) postoperative were 
injected daily (except Sunda 3 ^s) for 10 days with 0.5 cc of the hormone solution. 
Thyroxin was injected subcutaneously, all pituitary preparations intraperi- 
toneally.® The rats were fasted for 5 to 6 hours before autops 3 L 
Results. I. Piiiiitary ’preparations. Of the pituitary hormone preparations 

= Further purification is in progress and has been particularly successful in regard to 
adrenocorticotrophic and growth hormones. 

® Similar results were also obtained upon subcutaneous administration. 
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studied, only growth and thyrotrophic hormones were found to affect liver 
weights.^ Surprisingly, the effects of these preparations were found to be 
opposed to one another. Thyrotrophic hormone caused an absolute and 
relative increase in liver weights; growth hormone caused only a slight 
absolute increase which, however, was far less than the body weight in- 
crease produced by the hormone. Thus, when expressed in percent of body 
weight — which appears essential when comparing groups of widely varying 
body weights — growth hormone caused a relative decrease, thyrotrophic hormone 


TABLE 1 

Effect of thyrotrophic, growth hormone and globulin fraction on liver weights of hypophysec- 

tomized rats* 


NO. OF BXPT. 

TYPE OF FRACTION 

NO. OF RATS 

BODY 

HEIGHT 

UVER WEIGHT 

STATISTICAL SIGNIFICANCE OF 
DIFFERENCES 

Change 

At autopsy 

Absolute 

Per 100 grams 
body weiglit 

<r** 





gm. 


gm. 




Thyrotr. (Ovi64Cn) 


+1 

73 


3.9 

0.3 

Incr. signif. (Sp = 0.14) 

1 , 

Growth (IVF12CPP) 

9 

-f-13 

93 

2.96 

3.2 

0.3 

Deer, signif. (Sp = 0.145) 


Globul. Fr. (PPa) 

9 

+22 

92 

3.13 

3.4 

0.2 

Not signif. 


Controls 

■ 

0 

70 


3.6 



( 

Thyrotr. (Ovni46BC) 

1 

+5 

68 

H 

5.4 


1 Differ, highly signif. (Sp = 

oJ 

Growth (IVF121A) 

6 

+20 

82 

3.42 

4.2 

0.3 

/ 0.31) 


Globul. Fr. (ASXIII) 

8 

+17 

82 

3.82 

4.7 

0.4 


1 

Controls 

5 

-1 

63 

2.96 

4.7 

0.5 



Thyrotr. (Ovni46BC) 


+8 

72 

2.78 

3.9 

0.3 

Incr. signif. (Sp = 0.14) 


Growth (IVF91A) 


+20 

86 

2.67 

3.1 

0.3 

Deer, highly signif. (Sp = 

3] 








0.12) 


Globul. Fr. (AS XIII) 

10 

+27 

92 

3.27 

3.5 

0.2 

Not signif. 


Controls 

■ 

+6 

69 

2.45 

3.6 

0.2 



* Two-tenths milligram of each preparation administered daily for 10 days. The thyro- 
trophic preparations were kindly supplied by Jane Fraenkel-Conrat ; they contained 30 
to 50 chick units per milligram. The growth hormone and globulin fractions contained 
20 to 50 growth units (hypophysectomized rats) per milligram. 

** (T stands for the standard deviation from the mean of all liver weights within each 
group expressed in per cent of body substance. 

an increase in liver weights compared to the controls. These findings were 
repeatedly confirmed (6 experiments, 200 rats) and statistical analysis of all 
the data has shown both the increase and the decrease to be highly significant 
(tables 1, 2). 

’Not included in the tables are experiments with other pituitary hormones. Of these 
adrenocorticotrophic hormone, prepared and studied by C. H. Li, appeared to increase liver 
weights in preliminary experiments. Neither FSH, ICSH nor lactogenic hormone, the 
latter at various doses ranging from 0.2 mgm. to 6 mgm. daily, affected liver weights. 
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Globulin fractions® which contain growth, thyrotrophic, lactogenic and gon- 
adotrophic hormones caused a proportional increase in liver and body weights, 
the liver: body weight ratio not differing from that of the controls (tables 1, 2). 
This indicates a "neutralization” of the two divergent tendencies. Neutraliza- 
tion also occurred when a mixture of purified growth and thyrotrophic hormones 
produced relative liver weights intermediate between those given by each 
hormone alone. In this experiment 0.08 mgm. was given daily for 15 days; 

TABLE 2 


Summary of the liver weights of all rats treated with these pituitary preparations* 



i 

1 

1 NO. OF 
! RATS 

LIVER 
WEIGHT 
PER 100 

DIFFERENCE BETWEEN EXPERIMENTAL AND 
CONTROL GROUP 


1 GRAMS 

1 B.W. 

Sd 

Statistical significance 

Thyrotrophic hormone 

58 

grants 

4.42 

0.13 

Increase highly significant 

Growth hormone 

30 

3.52 

0.14 

Decrease highly significant 

Globulin fraction 

33 

3.95 


No difference 

Controls 

44 

3.95 




* Up to June, 1941 and since confirmed in several additional groups. 


TABLE 3 

Food intake, liver composition and oxygen consumption of rats treated with various preparations 

(expt. table 1, S; table 4) 


PREPARATION 

FOOD INTAKE 
PER DAY PER 

1 ; 

LIVER COilPOSITION ' 

1 

OXYGEN 

CONSUMP- 

TION 

RAT 

Nitrogen 

Fat 

Water 


grows 

per cent 


per cent 

l./m.ysi hrs. 

Thyrotrophic H 

5.6 

3.2 

mgm 

73.7 

159 

Growth hormone 

5.4 

3.2 

2.9 

73.9 

122 

Globulin fraction 

6.S 

3.1 


74.2 

163 

Controls 

4.7 

3.2 

3.0 

74.3 

123 

Thyroxin : 






0.025 mgm 


3.3 


76.0 

209 

0.0075 mgm 

5.6 

3.6 


74.2 

154 

0.0025 mgm 


3.6 


73.0 

147 

Controls 

4.4 

3.6 


74.0 

127 


thyrotrophic hormone caused the livers of 8 rats to weigh 4.7 per cent (<r = 0.2), 
growth hoi-mone (6 rats) 4.1 per cent (<r = 0.2), the mixture of both (0.16 
mgm/day, 10 rats) 4.5 per cent (<r = 0.3) of the body. 

Analyses® of nitrogen, fat, water and glycogen content of the livers of rats 
treated with the various fractions has revealed no differences in their composition 
(table 3). Thus the increase produced by thyrotrophic hormone must be re- 
garded as a true increase in liver substance or growth of this organ. 

® Prepared from beef anterior pituitaries according to 5. 
s lundb’ performed by V. V. Herring and W. La Salle. 
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Determinations of the food intake of rats treated with the various fractions 
has revealed both growth hormone and thyrotrophic hormone as causing a slight 
increase in the food intake, an effect w'hich is far greater when the unfractionated 
globulin was given (table 3) . This finding corresponds to expectation, in view of 
the differences in the oxygen consumption of these groups (which was also 
determined). Thus growth hormone treated rats need material only to build 
up body substance ; thyrotrophic hormone treated rats need it as fuel in view of 
their increased metabolic rate; and those receiving cruder fractions need it for 
both growth and increased oxygen consumption. Thus differences in the effect 
of purified thyrotrophic and growth hormone on liver weights are not due to 
differences in food consumption. 

II. Thyroxin (tables 3, 4). The finding that thyrotrophic hormone has a 
specific growth stimulating effect on the liver of hj^pophysectomized rats raised 
the question whether this effect was mediated by the thyroid and could be 
reproduced by the administration of thyroxin. Thyroxin at various levels 

TABLE 4 


Effect oj thyroxin on liver weights of hypophysectomized rats 




BODY WEIGHT 

LIVER WEIGHT 


DAILY DOSE 
PER RAT 

NO. OF 
RATS 

1 

1 

1 

Change 

At 

autopsy 

Absolute j 

Per 100 
grams 
body 
weight 

C 

STATISTICAL BIG. OF DIFF. BETWEEN 
EXPER. AND CONTROLS 


H 

grams ' 

1 

“4 

grams 

65 1 

grams 

3.22 

gravis 

5.0 

1 

Sd = 0.21, highly significant 


19 

4-4 

73 

2.86 

3.9 


Not significant 

Controls 

m 

-2 

65 

2.44 

3.8 

0.3 


0.0075 

9 

1 

+7 , 

67 

2.41 

3.6 

0.3 

Sd = 0.155, highly significant 

Controls 

6 

+1 

i 63 

1.94 

3.1 

0.3 



ranging from 0.0025 to 0.025 mgm. daily was therefore given to similar rats for 
10 and 15 days. It was found that a dose of 0.0075 mgm. of thyroxin which, like 
0.2 mgm. of thyrotrophic hormone, brought the oxygen consumption of the 
hypophysectomized rats back almost to normal levels, also led to an increase in 
liver weights which was similar to that produced by the pituitary hormone. 
Also the composition of these livers was unchanged, so that th 3 noxin must have 
caused a true increase in liver .substance. A higher dose of thyroxin (0.025 
mgm.) caused even more pronounced liver weight increase, in this case, however, 
associated with a slight relative decrease in nitrogen and fat content and increase 
in water. Also in these rats ■with their pronounced hyperthyroid state, however, 
the total amount of liver nitrogen in percent of body weight was increased above 
that of the controls. Thus it is evident that th 3 noxin causes increase in liver 
substance in h 3 ’^pophysectomized rats under our experimental conditions, similar 
to the effect observed by Sternheimer in his experiments. The effect of thyro- 
trophic hormone on liver weights can therefore be regarded as predominantly 
if not entirely mediated by the thyroid gland. 
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SHMjMARY 

1. Purified thyrotrophic hormone was found to cause absolute as well as 
relative increases in weight of the livers when administered for 10 or 15 days to 
5mung hypophj’^sectomized rats. 

2. Thyroxin administered under the same conditions also caused similar liver 
growth effects so that the effect of the thyrotrophic hormone may be attributed 
to its stimulation of the thyroid gland. 

3. Purified growth hormone under the same conditions was found to cause only 
slight absolute increases representing significant relative decreases in the liver 
weights. 

4. The effects of neither fraction were associated wth changes in the composi- 
tion of these livers, so that they must be regarded as actual changes in the amount 
of liver substance. 

5. The effects on the liver are not due to differences in the food intake of the 
treated rats for both thyrotrophic and growth hormone caused a similar increase 
in food intake. 
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The existence in beef anterior pituitaries of a principle which increases the 
insulin content of the rat’s pancreas has been well established by the work of 
Marks and Young (1, 2), as well as Soong (3). Doubt has been cast upon the 
physiological role of this principle in recent reports. Thus Haist and Best 
(4, 5) find that after the removal of the pituitary, rats show no lower pancreatic 
insulin content than normal control rats restricted to the same caloric intake; 
Griffiths and Young (6) also find no effect or a slight increase in pancreatic 
insulin content following h 3 '-poph 3 '-sectomy. These authors also report that in 
h 3 ’-pophysectomized rats no “p^^creatrophic” effect could be produced by 
the administration of pituitary extracts which had pancreatic insulin increasing 
potenc 3 ’’ in noi’mal rats. Attempts to identify the pancreatrophic factor with 
any of the established pituitar 3 '^ hormones have led Marks and Young to 
conclude (2) “that the pancreatrophic factor (which is probably not a hormone) 
is not identical Mth prolactin, nor Avith gonadotropic, thyrotropic or glyco- 
tropic substances.” Their previous wprk (1) had differentiated it from the 
growth hormone. 

Since considerable progress in the purification of various pituitar 3 '- hormones 
has been recentl 3 '- achieved in this laboratoiy (see 7), it appeared indicated to 
stud 3 ' the effect of such preparations on the insulin content of rat pancreas. 

Methods. The experimental animals Avere general^'' 47 to 49 da 3 '’ old male 
rats of the Long-EA^ans strain. Rats, Avhen h 3 '-poph 3 ’'sectomized were usualb’’ 
operated upon AAdien 26 to 28 days old; in one experiment adrenalectomized 
rats^ were used as specified in the tables. The injections AA'ere performed in- 
traperitonealL’, | or 1 cc. dai^'^ (except Sundays) for periods ranging from 10 to 
42 da 3 ’-s, but usually for 3 Aveeks. All animals AA^ere fasted before autops 3 ’', 
usuall 3 f for 5 hours and anesthetized AAuth sodium am 3 rtal. To ensure complete 
remoAral of the diffuse pancreatic tissue, the entire mesenteries Avere stripped off 
the intestine. The mesenteries and pancreatic tissue of each group of rats 
(usuall 3 " 5-10 rats) were pooled and minced. Insulin AA^as extracted folloAAdng the 

' Aided bj’ grants from the Board of Research of the University of California and the 
Rockefeller Foundation, New York City, and Parke, Davis and Company, Detroit, Michi- 
gan. Vie wish to acknoAvledge assistance from the Works Projects Administration, Project 
no. OP-65-1-OS, Unit A-5. 

“ We are indebted to Dr. E. Anderson for these rats. 
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procedure of» Fisher (8). The crude powders thus obtained were dissolved in 
0.85 per cent sodium chloride at pH 2-3; they were made up to such a concen- 
tration that the same given volume corresponded to 100 grams rat weight for 
all groups of one experiment, which were to be compared. These solutions were 
then injected into groups of 10 to 15 mice. Generally mice ranging from 17 to 
22 grams were employed, animals of closely similar weights being used for each 
assay. They were fasted for 5 hours prior to the injection. The pancreas of 
treated and control rats were alwaj'^s assayed parallel and in most instances 
simultaneously also with standard insulin solutions. After injection, the mice 
were kept under observation for 90 minutes in an incubator (35-36°C). The 
number of mice in.each group showing convulsions was noted.® 

Each pancreatic extract was assayed at least twice and usually three to five 
times or in a total of 30 to 60 mice. The extracts could be kept frozen (at 
— 10°C) for several iveeks between tests without loss of potency. 


TABLE 1 

Insulin content of the pancreas of uninjected rats 


type of rat 

AGE 

NO. OF 
GROUPS OF 

IKSUMN COKTENT (U/100 
GRAMS RAT) 

At autopsy 

Post- 

operative 

RATS 

Average 

Range 

Normal male 

days 

60-80 

days 

9 

0.54 

0.26-0.97 

Normal female 

51-86 


5 

0.84 

0.44-1.3 

Hypophysectomized male 

70-89 

17-21 

2'. * 

0.7 

0.41-1.0 

Hypophysectomized female 

44-72 

17-24 

6 

0.82 

0.56-1.3 

Adrenalectomized'male 

1 

70 

IS 

1 

1.47 



The potency of unknowm pancreatic extracts was alw^ays calculated and 
expressed in units of insulin per 100 grams rat. From those cases where one 
solution has been assayed 5 or more times it w^as possible to calculate the standard 
deviation which w^as found not to exceed ±17 per cent. Thus it would appear 
that differences exceeding 34 per cent betw'een the pancreatic insulin content 
of tw^o groups of rats can be regarded as significant. In agreement with hlarks 
and Young (2) we are not inclined to attribute much significance to differences 
of less than 50 per cent unless confirmed by repetition of the experiment. 

A short discussion of the pancreatic insulin content of uninjected control 
rats is indicated. Table 1 summarizes all such assays performed in the course 
of one year. Although great variations were noted at different times in the 


' They were immediately removed from the incubator and could usually be saved by the 
intrapcntoneal administration of approximately 0.5 cc. 20 per cent glucose. The same 
mice were used repeatedly with rest periods of at least 1 week and were not found to become 
less responsive to standard insulin doses, when used 4 times in this manner, as long as their 
weights did not exceed 24 grams. 
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same type of rat,"* the higher average insulin content in the norm'kl females as 
compared with the males appears worthy of attention; no such difference was 
noted between hypophysectomized rats of the two sexes. In agreement with 
findings of other investigators (4-6) hj'-pophysectomy per se did not significantly 
affect insulin levels. In 2 experiments where hypophysectomized and normal 
control rats® were compared directly and simultaneously'^, the pancreas of the 
hypophysectomized rat was found to contain 53 per cent more in one case and 
18 per cent less insulin than the controls in the other. A similar comparison 
of adrenalectomized and normal rats in a single experiment indicated that the 


TABLE 2 

Effect of groiuth hormone* on pancreatic insulin content 


EXPERIMENTAL RATS 


CHANGE IN 


Type 

Age at 

P.O. age 

Injection 

Dailv 

Number 

PANCREATIC 
INSULIN CON* 

autopsy 

at autopsy 

period 

dose 

Injected 

Control 



days 

1 1 

days ' 

days 

jngm. 



per cent 

Normal male 

6S-70 


21 

1.0 

7 

7 

-36' 







4 

5 

-45 







6 

9 

-70 







5 

10 

-68 

-40 






5 

10 

-32 







6 

7 

-39 







6 

6 

+9, 






2.0 

6 

7 

-39 





1 

3. 0-9.0** 

2 

5 

1 -24 


Adrenalectomized 

70 

IS 

16 ‘ 

1.0 

4 

5 

-37 


male | 









Hypophysecto- | 

mized male 

70-77 

17 

17 

2.0 

2 

5 

+15 


Hypophysecto- 
mized female 

47-56 

23 

16 

1.0 

3 

4 

-15t 


* 4 different preparations, containing 20^0 hypophysectomized rat units/mgm. 

** First week: 3.0 mgm. daily; second week: 6.0 mgm. daily; third week: 9.0 mgm. daily'- 
t Compared to the effect of adrenocorticotrophic hormone, marked similarly, not to the 
control group as usual (lost by accident). 


pancreas of the adrenalectomized rat contained 123 per cent more insulin than 
of the unoperated rat. 

Results. Three pituitary fractions were found to affect the insulin content 
of the rat’s pancreas ; lactogenic hormone and adrenocorticotrophic preparations 

■* In some of the earlier experiments the insufficient use of insulin standard solutions may 
be responsible for inaccurate absolute values (which does not invalidate comparative data 
of the insulin content of various groups of rats, assayed simultaneously). 

® Receiving unlimited amounts of a different diet. 
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TABLE 3 

Effect of lactogenic hormone* on pancreatic insulin content 



Age at 
autopsy 

P.O. age 
at autopsy 

Injection 

period 

Daily 

dose 

Number 

1 PANCREATIC 
INSULIN CON- 
TENT 

Type 

Injected 

Control 


days 

days 

days 

vigm. 


1 

per cenf 

Normal male 

68-70 


21 

1.0 

S 

8 

+160] 






4 

5 

-3l[ +76 






6 

6 

+iooj 





0.33 

5 

5 

1 

-24 

Normal female 

68 


42 

0. 5-2.0** 

4 

4 

+50 

t 

51 


30 

2.0 

6 

6 

0 

Hypophysecto- 

50 

24 

17 

1.0 

5 

5 


mized female 





4 

7 

+79j 


( 

1 

17 

10 

1.0 

5 

6 

0 


1 



0.2 

8 

6 

-16 


* Nine different preparations were emploj-ed, all containing 25-30 lU per mgm. 
** Increasing 0.5 mgm. every tenth day. 


TABLE 4 


Effect of adrcnocorticotrophic hormone on pancreatic insttlin content 


EXPERIMENTAL RATS 

CaA.NGE IN 








PANCREATIC 


.A.ge at 

F.O. age 

Injection 

Daily 

Number 

INSULIN CON- 


autopsy 

at autopsy 

period 

dose 

Injected 

Control 



days 

days 

days 

mgm. 



per ceni 

Normal male 

68-70 


21 

1.0 

6 

6 

+25* 





2.0 

9 

9 

+55l , 






8 

7 

+69J +‘^‘^ 

Hypophysecto- 

70-90 

21 

21 

5.0 

5 

6 

+260\ , 

mized male 


17 

17 

5.0 

5 

8 

+290/'^^ 



10 

10 

5.0 

6 

3 

0 



17 

17 

1.0 

5 

5 

+24 

Hypophysecto- 

50-55 

23 

15 

1.0 

10 

4 

+20 

mized female 

55 

28 

10 

1.0 

9 

8 

+28 


43 

IS 

10 

1.0 

7 

7 

+43 


50-55 

28 

20 

1.0 

6 

4 

+18** 


* This preparation (which was also used in hypophysectomized rats, see last experiment 
on this table), is considerably more active and freer from lactogenic hormone than all 
others. It caused (at 1 mgm. daily dose) adrenal weight increases of 60 per cent and 
stunted growth. Two milligrams daily of the other preparations caused adrenal weight 
increases of 43 per cent and 32 per cent and no significant growth inhibition. 

** +18 per cent, compared to the effect of growth hormone (see table 2), not to control 
group. 
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increased it while growth hormone decreased it (tables 2 to 4) In interpreting 
these findings it should be remembered that all lactogenic hormone preparations 
used contained 25 to 30 lU per mgm; preparations of such activity have been 
shown to be chemically pure, as judged by electrophoretic, ultracentrifuge 
and solubility studies (9) . The growth hormone used for these studied had been 
treated with cysteine and therefore contained no more than traces of lactogenic, 
thyrotrophic or gonadotrophic hormones (10) ; it did contain from 5 to 10 per 
cent adrenocorticotrophic hormone. Of the adrenocorticotrophic iireparations 
all but one (as indicated in the table) contained considerable contamination with 
the lactogenic hormone (possibly as high as 25 per cent) but no more than traces 
of other target organ hormones.’’ 


TABLE 5 

Effect of various preparations and conditions on pancreatic insulin content 
(In normal male rats, 60-70 days at autopsy, injected for 21 days) 


TYPE OF TBEATStENT 

DAILY DOSE 

NO. OF EATS 

CHANGE IN 
PANCREATIC 
INSULIN CON- 
TENT 


Injected 

Control 

A. Crude beef anterior pituitary extract 

10 mgm.* 

10 

10 



53 mgm.** 

8 

s 


B. Globulin fraction! 

2 mgm. 

7 

7 


C. Thyrotrophic hormonef 

2 mgm. 

6 

7 


D. Adrenal cortex extract (Upjohn) 

1 cc. 

6 

9 


E. High carbohydrate diet§ 

i 

7 

7 

+16 


* Equivalent to 220 mgm. fresh gland daily. 

** Equivalent to 1000 mgm. fresh gland daily. 

t Prepared from alkaline extract of beef anterior pituitaries; contains growth, lactogenic, 
thyrotrophic, adrenocorticotrophic hormone and ICSH. 

§ High carbohydrate diet: 68 per cent cornstarch, IS per cent casein, 6 per cent brewer's 
yeast, 1 per cent cod liver oil, 4 per cent salts, 3 per cent lard. Also during the last week 
i cc. daily Galen B and 20-y riboSavin, also twice daily 5 cc. 40 per cent glucose by stomach 
tube. Control diet: 40 per cent starch, 30 per cent casein, 10 per cent yeast, 15 percent 
lard, otherwise as above (no glucose by stomach tube). 

t Prepared from beef pituitaries according to 11, contains 30 chick units .per milligram. 

Unfractionated alkaline extracts of beef anterior pituitaries liad a slight 
pancreatrophic effect, only upon administration in excessive doses. A globulin 
fraction prepared from such extracts had no effect on the pancreas at the level 
tested; neither had a purified thj'-rotrophic preparation (11) (table 5). 

Discussion. The finding that two purified pituitary fractions, lactogenic 
and growth hormone, had opposite effects on the pancreatic insulin of rats was at 
first surprising. It then became apparent, however, that this fact afforded a 

® No evidence for “hyperinsulinism” was found in rats with increased pancreatic insulin; 
blood sugar determination of such rats gave values which were slightly above those of the 
controls, the differences being statistically not significant. 

^ Part of the growth hormone preparations were kindly supplied by Dr. W. Marx; part 
of the lactogenic and adrenocorticotrophic preparations by Drs. W. R. Lyons and C. H. Li. 
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possible explauatioD for tbe inefficacy of crude alkaline extiacts of beef anteiioi 
pituitaries and tbe globulin fraction derived therefrom to affect the pancreatic 
insulin content.* The existence of these opposing influences of the pituitary 
on the pancreas may also explain why neither hypophysectomy (4, 6) nor the 
implantation of rat pituitaries into hypophj^sectomized rats (12) produces any 
change in the insulin content of the pancreas. In short, our finding of the 
antagonistic action of 2 pituitar 3 ’- fractions explains rvhj’^ removal of both (hypo- 
physectomy) or administration of both factors in balanced amounts (crude 
extracts or implants) may produce no effect on the pancreatic insulin content. 

Growth hormone was found to decrease the insulin content of the pancreas 
of normal rats, treated for 3 weeks (1 or 2 mgm. daily) (table 2). There is little 
doubt that this action is associated uith the growth promoting activitjr of purified 
preparations. The only Imown hormonal contaminant of such growth prepara- 
tions is the adrenocorticotrophic hormone and this hormone exerts the opposite 
effect on pancreatic insulin. It must also be noted that growth hormone appears 
to be effective in decreasing the pancreatic insulin of adrenalectomized rats; 
in hj’'pophysectomized rats it has not shown any effect, a question which will be 
further investigated. Attempts to reduce the pancreatic insulin to a minimum 
and possilily to produce diabetes bj’- administration of excessive doses of growth 
hormone have not been successful (table 2). 

Lactogenic hormone has produced pronounced pancreatrophic effect in five 
of seven experiments in normal and hj’^pophysectomized rats when 1 mgm. dail}’’ 
was administered for at least 17 days® (table 3). Shorter injection period 
(10 days) or lower doses of the hormone produced no effects. Since the pro- 
nounced pancreatrophic effects were obtained udth several different honnone 
samples prepared bj'' different methods, and biologically and physico-chemicall^’’ 
close to pure, it appears established that the lactogenic hormone, directlj’^ or 
indirectly exerts pancreatrophic activity in normal and hj'^pophysectomized 
rats.^® 

Table 4 summarizes the results of the administration of adrenocorticotrophic 
preparations on pancreatic insulin content of normal and hypophysectomized 
rats. It will be noted that increases were regularly obtained. These were 
marked only when very high doses were used (5 mgm. daily), while 1 mgm. 
dail.y of the most active preparation” had no significant pancreatrophic effect. 
All adrenocorticotrophic preparations vnth the exception of the latter, contained 


8 Marks and Young (1) End considerable pancreatrophic activity in unfractionated beef 
pituitaries but not in horse pituitaries. In discussing the lack of pancreatrophic activity 
of horse pituitaries they refer to the possibility of its action being masked by some coun- 
teracting factor. 

8 It is not yet understood why in two experiments performed under the same conditions 
no increase in pancreatic insulin occurred, just as growth hormone was ineffective in one 
of nine experiments. As far as could be ascertained, this was not due to deterioration of 
the preparations and therefore has to be attributed to biological variability. 

1“ Marks and Young found a less purified prolactin to be strongly pancreatrophic but 
rirri\ ccl fit the conclusion thnt the 2 factors were not identical, 

” Supplied by C. H. Li. 
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10 per cent to 25 per cent lactogenic hormone which has given pronounced 
pancreatrophic effects at a daily dose of 1 mgm; the interpretation therefore 
suggests itself that the observed effects may be due to the lactogenic contamina- 
tion, rather than to the adrenocorticotrophic hormone proper. Further assays 
of more purified preparations will enable us to settle this question. 

WTien the first pancreatrophic effects were obtained with adrenocorticotrophic 
hormone, it w^as attempted to duplicate its effect bj'- the administration of 
adrenal cortical extract, also bj’’ feeding a high carbohydrate diet. These 
attempts -were not successful (table 5). The high pancreatic insulin content of 
adrenalectomized rats (maintained on salt) also negates the importance of 
cortical hormones for maintenance of pancreatic insulin. Primary regulation of 
the pancreas by the adrenals has also been i-uled out by Haist’s recent findings 
(13) that neither the administration of cortical extracts (at higher levels than in 
our experiments) nor adrenalectomy showed any effect on pancreatic insulin. 
All factors therefore support the interpretation that positive pancreatrophic 
effects of crude adrenocorticotrophic preparations are due to contamination 
with lactogenic hormone, rather than to their intrinsic effect on the adrenals. 

SUMMARY 

The effect of various hormones of the anterior pituitary on the insulin content 
of rat pancreas has been investigated. Pure lactogenic hormone w'as found to 
increase the insulin, growth hormone to decrease it. The insulin increasing 
action of crade adrenocorticotrophic preparations w'as attributed to contamina- 
tion with lactogenic hormone. 

Lactogenic hormone show'ed pancreatrophic activity in both normal and 
hypophysectomized rats, wLile the opposite action of the growth hormone could 
be demonstrated in normal and adrenalectomized but not in hypophysecto- 
mized rats. 
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The effect of posture on the blood pressure in man has been the subject of 
considerable experimentation. The change from the recumbent to the standing 
position suddenly shifts a column of blood, the length of the bod 3 ^, from a hori- 
zontal to a vertical position where it exerts a hydrostatic pressure which it did 
not exert previously. This flooding of the capillary reservoirs in the dependent 
parts is usualty accompanied bj’’ a temporary drop in the sj''stolic and a slight 
rise in the diastolic pressure. Within a few^ seconds, however, compensation 
sets in, principal^ in the form of a generalized vasoconstriction, the sj-^stolic 
pressure recovers a large percentage of the drop and the diastolic pressure re- 
mains elevated (1). Attempts to elucidate the mechanism responsible for the 
compensation have jdelded conflicting results. The suggestion that the vaso- 
constriction was mediated reflexly via the pressor receptor (earotid sinus and 
aortic) nerves (2) has been challenged bj'- Erdholm (3) and Conklin and Dewe 3 ^ 
(4) who failed to observe a decrease in compensatoiy abilit 3 ’- of their experimental 
animals after elimination of these pathwa 3 ^s. Erdholm suggests that this varia- 
tion in experimental results ma 3 ’^ be due to the animal used and to the fact that 
several workers have used anesthetics, such as morphine, which depress the 
respiratoiy center and so ma 3 " interfere with the respirator 3 " pump. He further 
believes that previous investigators failed to appreciate that there was fatigue 
of the compensatory mechanism and that repeated tiltings produce an increasing 
blood pressure fall even in the intact animal. In view of these divergent findings 
it seems appropriate to report the results of experiments which were performed 
on dogs but which are not, we believe, subject to the criticism which Erdholm 
had levied against previous work. These results reaffirm the importance of the 
pressor receptor nerves in the compensator 3 '' reaction of the dog to gravit 3 ^ 
They also indicate that compensation in the dog is quite effective and that it is 
usually as good as in man. 

Procedure. One hundred and thirty experiments have been performed on 
36 dogs. Eighteen of these were lightly anesthetized with chloralose (40-80 
mgm. per K.B.W.) and a like number with sodium barbital (180-250 mgm. per 
K.B.Y'.). They were placed in an animal trough which was rotated about a 

' Aided b\- a grant from the Darid Trautman Schwartz Research Fund of Tulane 
umversitv. j-uiauc 
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transverse horizontal axis, the position of which was adjusted in each case to 
coincide with the axis of the cannula used for recording blood pressure. The 
latter was recorded from the carotid or the femoral artery on a moderately fast 
kymograph by a calibrated membrane manometer using chlorazol fast pink 
as anticoagulant. In a number of experiments simultaneous determinations of 
the mean intracarotid and intrafemoral pressures were made by puncture of these 
arteries according to the method of Dameshek and Loman (5) . In these experi- 
ments the axis of rotation was adjusted to approximate that of the heart. The 
animal was prevented from slipping when in the upright (75°) position by tying 
the mouth securely around a bit fixed to the animal board. In the earlier ex- 
periments respiration was recorded by means of a pneumograph fastened about 
the chest; in later experiments by a small T-tube inserted directly into the tho- 
racic cavity through a stab wound. 

The usual procedure was to take a short control tracing in the horizontal 
position after which the animal was tilted to an angle of 75°, feet down, and kept 
in this position for periods varying from 1 to 20 minutes before being returned 
to the horizontal. The tilting usually took about 2 seconds. The subsequent 
conduct of the experiments was varied. In some instances observations were 
made during repeated tiltings of the intact animal, in others the effects of tilting 
were obseiwed after the vagi were cut or the carotid sinuses denen^ated bj^ strip- 
ping the internal carotid artery and painting the region with phenol. In the 
latter experiments the tiltings were usually repeated subsequent to complete 
intermption of the pressor receptor mechanism. 

Results and discussion. The changes in blood pressure produced by tilt- 
ing to the F.D. (feet dovm) position varied considerably, due to the practical 
impossibility of achieving and maintaining the same level of anesthesia in dif- 
ferent animals, as well as to variations in their compensatory respiratoiy and 
vasomotor mechanisms. Typical results are shown in figure 1. Simultaneous 
measurements of the intrafemoral and intracarotid pressure by direct puncture 
showed that the mean pressures in these arteries were practical^ identical when 
the animals were in the hoilzontal position. Immediately on changing the posi- 
tion the intrafemoral pressure in some cases increased to a level approximating 
the added hj’^drostatic component, calculated as the pressure of a column of 
blood from the fourth interspace (heart level in the F.D. position) to the point 
of cannulation or puncture. This level was seldom maintained for more than a 
few seconds, being followed by a drop of varying degree and a secondary rise, 
so that while the pressure remained above the control horizontal level through- 
out the F.D. position it was still less than the sum of the hj'^drostatic and hydro- 
djmamic factors. In other experiments, the intrafemoral pressure fell sharply 
on tilting and then rose gradually to levels above the control horizontal values. 
In 15 animals the average fall in intrafemoral pressure within 10 seconds after 
tilting was 9 mm. Hg (6.3 per cent) and the average levels during and at the 
end of the F.D. period were 12 and 9 mm. Hg (7.9 and 6.3 per cent) respectively 
above the pre-tilting value. Since the average hydrostatic component was 22 
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mm. Hg (15 pe r cent) , these results indicate a decrease in the hydrodjmamic com- 
ponent in the majority of the experiments. 

The changes in intracarotid pressure follow a similar pattern, the change m 
position being followed by an immediate sharp drop to values which in most 
experiments exceeded the difference between the hydrodjmamic and hydrostatic 
factors (since above heart level gravity opposes the hydrodjmamic factor). 
In the 21 animals in which the intracarotid pressure was recorded there was an 
average fall of 39 mm. Hg (27.5 per cent) ndthin 10 seconds after the animal was 
tilted, an average decrease of 37 mm. Hg (26.5 per cent) during the F.D. posi- 
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Fig. 1. Blood pressure changes in the F.D, position. The first point plotted is the 
per cent change from the horizontal level 10 seconds after tilting. The successive points 
arc similar values for 20, 30, 60 seconds, 5 and 10 minutes after tilting and 10, 20 and 60 
seconds after return to the horizontal position. The figures given with each graph are the 
control horizontal values. The arrow denotes return to the horizontal position. 

tion and of 44 mm. Hg (31.2 per cent) at the end. The average hydrostatic 
component amounted to 13 mm. Hg (9 per cent) in these experiments. Simul- 
taneous measurement of the intracarotid and intrafemoral pressures showed that 
the maximum fall in the former usually coincided with the greatest rise in the 
latter and that the pressure curves duiing the F.D. period showed more or less 
parallel changes. In a large majority of animals the blood pressure reached a 
steady state within 2 minutes, showing only slight further change as the F.D. 
period was prolonged. On return to the horizontal position there was usually 
an immediate rise in the blood pressure (carotid and femoral) amounting to 
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values of 50 per cent above the control level in some instances followed in a few 
seconds by a dip below and then a gradual return to the original level. 

These changes in intrafemoral and intracarotid pressure are qualitatively and 
quantitativel}'^ similar to those reported by Loman, Dameshek, ]\'Ij’’erson and 
Goldman (6) who determined the pressure changes in man by direct puncture. 
Our findings contradict the usual inference made on the basis of Leonard Hill’s 
early work (7) that compensation to gra\dt 3 ’' in the dog is poorer than in man. 
The failure of the intracarotid and intrafemoral pressures to reflect absolutely 
theu' respective hj'-drostatic components suggests that the assumption of the 
upright position is accompanied bj'' a generalized passive dilatation, probably 
involving arterioles, capillaries and veins which results in a diminished venous 
return and consequent lowered cardiac output and aiderial pressure. The de- 
creased arterial pressure evokes a compensatorj'- arteriolar vasoconstriction 
which, in the dog as well as in man (8) is seldom, if ever, complete but is often 
adequate to prevent serious cardiovascular embarrassment even when the ani- 
mal is kept in the F.D. position for periods of 4 to 6 hours. 

No significant relationship was found between the initial level of blood pres- 
sure and the average or final change duiing the F.D. period. Like\rise, no 
significant differences in response were obseiwed between the results when chlora- 
lose or sodium barbital was used as the anesthetic. 

Figure 2 shows the results of successive tilting in 3 representative experiments. 
There was no evidence of fatigiie of the compensating mechanisms in the intact 
animal in spite of the relativelj'’ long periods in which the animals were kept in 
the F.D. position, except in those instances where the anesthesia was veiy deep 
or the condition of the animal was poor as judged by a low initial pressure and 
poor compensation on the first tilt. In several instances (fig. 2 B) compensa- 
tion actuallj’- improved vith successive tilts. 

Figure 3 shows typical results of tilting animals deprived of their pressor 
receptor nerves. Thej’^ leave no question as to the primarj’’ importance of these 
mechanisms in the response to gravity. Denervation of the carotid sinuses or 
vagotom 3 ^ re.sulted in eveiy case in a diminished ability of the animal to com- 
pensate for the F.D. position. This is strikingl 3 ’’ shown b 3 ' the changes in intra- 
femoral pressure (fig. 3 C) when the h 3 ^drostatic component complete^’' dis- 
appeared after vagotom 3 ^ In several experiments the elimination of onb'^ one 
set of pressor receptors produced questionable dift’erences on the first tilt. If, 
however, the tilt was repeated, there was definite evidence of fatigue and failure 
of the remaining mechanism to maintain adequate compensation (fig. 3 B). 
Elimination of the two pressor mechanisms resulted in man 3 ’ cases in a rapid 
drop in pressure to shock levels from which recoveiy was slight (fig. 3 C). 

The removal of the pressor receptor nerves not onb”^ handicaps the compensa- 
tion of the animal while in the F.D. position but also significantb' alters the 
character of the recoveiy on return to the horizontal position. As previously 
indicated, the sudden shifting of blood back to the heart when the intact animal 
is returned to the horizontal is accompanied b 3 ’' a marked rise in blood pressure. 
This is followed b 3 ^ a dip below normal for a few seconds before return of the 
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pressure to the control level. After elimination of the pressor receptor mech- 
anisms, however, return to the horizontal position is followed by a much smaller 
and more gradual rise in pressure which seldom achieves the control level and 
never shows the characteristic dip. 

Erdholm and IN'IcDowell (9) contended that the response to gravity is un- 
affected by the loss of the buffer nerves providing care is exercised in avoiding 
loss of CO 2 from over-ventilation which reduces the activity of the vasomotor 
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Fig. 2. Effects of successive tilts on the blood pressure. The changes are given as per- 
centages of the horizontal pressure which is given for each case. The points plotted are 
the respective observations at 10, 20, 30 and 60 minutes after tilting and at the middle and 
end of the F.D. period and 10, 20 and 60 seconds after return to the horizontal position, the 
time of which is indicated by the arrows. The figures in parentheses denote the length of 
the F.D. period. 


centers. Our experiments indicate, however, that compensation is handicapped 
even in those instances when, respiration is not altered appreciablj^ after loss 
of the pressor receptor nerves. To test this point further, three sets of experi- 
ments were performed in which animals were made to breathe mixtures of 7 to 
S per cent CO; in air from large Douglas bags and placed in the F.D. position 
before and aftei- successii^e elimination of the carotid sinus and vagus nerves. 
Xo significant differences were observed in the responses after denervation when 
CO; was breathed as compared to control obsenmtions on the same animals 
bro.athing room air. 
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The changes in pulse and respiration rate were variable. In most experi- 
ments tilting was followed b}-- an immediate rise in the pulse rate which was main- 
tained or increased during the F.D. period. In some cases, however, there was 
no change or a slight drop for several minutes after tilting, the rate rising during 
the latter part of the F.D. period. Denervation was usually followed by a 
marked increase in pulse rate to a point which precluded accurate counting 
but the rate did not appear to change significantly when the animal was in the 
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Fig. 3. Effects of removal of pressor receptor system. E.xplanation of chart same as in 
figure 2. 


F.D. position. Respiration usually became slower and deeper immediatelj’’ 
following tilting but increased progressively during the F.D. period to values 
above those obtaining in the control period. In several experiments, however, 
rapid shallow breathing obtained throughout the F.D. period. After denerva- 
tion the respiration usuallj^ remained slower and deeper during the F.D. period, 
and in some cases became periodic or stopped completely after relatively shoi’t 
periods (2 to 3 min.) in the upright position. 

The changes in respiration folloxving denervation suggest that the carotid 
sinus and aortic nerves are of importance in the response to gravity not only be- 
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cause of their pressor functions but because of their r61e in the response to lowered 
oxygen tension. The F.D. position tends to produce a greater or less degree 
of hypoxia (10) which, in turn, causes an increase in respiration and a secondary 
rise in blood pressure by action of the peripheral chemoreceptor zones rather 
than on the respiratory and vasomotor centers themselves (11). Thus much 
of the variation in the blood pressure responses in the same and in different ani- 
mals can be correlated with differences in the character of the respirator^’’ 
changes. In those experiments in which the respiratory patterns during suc- 
cessive F.D. periods were similar, the blood pressure changes showed little 
difference; when respiration changed considerably the blood pressure responses 
varied accordingly. Tilting after elimination of the two sets of pressor receptor 
nerves was followed in the majority of cases by periodic or complete cessation 
of respiration and, as previously indicated, by a virtual vasomotor collapse. 
In these experiments where the respiration stopped and the blood pressure was 
at shock level during the F.D. period, return of the animal to the horizontal 
position was followed by a recovery of the blood pressure to the normal level, 
but respiration failed to begin again. 


SUMRIARY 

1. Tilting of anesthetized dogs from the horizontal to the upright, feet down 
(F.D.) position is accompanied usually by a sharp drop in intrafemoral and 
intracarotid blood pressure followed within 10 seconds by a coinpensatoiy rise 
of varying degree. While there is seldom complete compensation for the effects 
of gravity, there is usually an amount adequate to prevent serious cardiovascular 
embarrassment even when the animal is maintained in the F.D. position for 
several hours. 

2. Repeated tilting does not seem to fatigue the compensating mechanisms 
except in those instances where the anesthesia is very deep or the condition of 
the animal is poor as judged by a low initial pressure and poor compensation on 
the first tilt. 

3. Denervation of the carotid sinuses or cutting the vagi, thus eliminating the 
two aoitic nerves, uniformly diminishes the animal’s ability to compensate for 
gravity. The secondary rise in pressure in the F.D. period as well as the rise 
after the return to the horizontal position are smaller. In some cases compensa- 
tion fails during the F.D. position. Elimination of both pressor receptor mech- 
anisms usually results in complete absence of compensation and in many cases 
in a drop m pressure to shock levels from which recovery is slight 

4. The carotid sinus and aortic nerves are of importance in the response to 
gravity not only because of their pressor functions but because of their r61e in 
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The heavy excretion of calcium and the development of osteoporosis (1) in 
cases of hyperthyroidism has led to much speculation concerning the mode of 
action of the thyroid hormone on calcium metabolism. In view of the knowm 
effect of the parathyroid hormone on this metabolism, it is pertinent to compare 
experimentally the effect of these two honnones in this respect. Since active 
preparations of both glands are available, it is possible to observe the effect of 
these compounds both singly and in combination upon normal animals and upon 
those lacking thyroid and parathyroid glands. 

If the effect of an excess of thyroid hormone upon calcium and phosphorus 
metabolism is not due to a stimulating action on the secretory activity of the 
parathyroid gland, the administration of active thyroid preparations, and of 
parath 3 'Toid hormone, to a normal animal might be expected to produce different 
metabolic responses. These experiments were performed in an attempt to shed 
light on this question. Experiments were also performed on thju’oparathjToid- 
ectomized animals to show the action of the thyroid hormone on the calcium 
and phosphorus metabolism in the absence of the pai-athju'oid hormone. 

Experimental. The experimental animals were 3 'oung male dogs weighing 
about 15 kgm. and in good health. Young animals were used because of their 
marked response to parathyroid hormone and their adaptability to a metabolism 
routine. 


Animals were kept in metal metabolism cages throughout the experimental 
periods. 


In experiment 1 the animal was given a diet of dog chow, starch and beef suet 
calculated to satisfy energy requirements and to contain only one per cent 
calcium. In experiments 2, 3, and 4 no food was given during the experimental 

period. Fresh water was provided ad libitum through all the experimental 
penods. 

Experments 1 and 2, carried out on different dogs, were divided into four 
consecutive periods. The first period was preparatory. The animals were 
placed m metabolism cages and maintained under experimental conditions for 
three days m order to obtain an approximately basal state. The second period 
was that of induced hjqierthyroidism. This was produced in the animaR hv 
ad™„.trat.on b, „o„tb of 1 gram/kOogram/Za, 
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mour) for three successive days. This was sufficient to produce and maintain a 
condition of marked hyperthyroidism throughout the experimental period, as 
evidenced by tachycardia and increased creatinine excretion. In the third 
period, a hyperparathyroid state was superimposed upon the condition of hyper- 
thyroidism. This was accomplished, after a lapse of one day from the day of 
the last thyroid administration, by the subcutaneous injection of 20 units of 
parathjToid hormone per kilogram of bod3'- weight. This period consisted of 
only one dajL The fourth and final period was a second control period represent- 
ing the time required by the animals to return to the basal state. 

Experiments 3 and 4 were duplicate experiments carried out on the dogs used 
in experiments 1 and 2, after they had been thyroparathyroidectomized. Each 
experiment consisted of two consecutive periods. The first was preparatory. 
The animals were placed in metabolism cages and maintained under experimental 
conditions until they had reached a basal state. At the beginning of the second 
period, the animals were thyroparathyroidectomized. Following the operation, 
hj'^perthju’oidism was produced by feeding the animals 1 gram/kilogram/day of 
thju-oid for a period of three daj’^s. In experiment 3 the thyroid administration 
was begun on the das’- of operation while in experiment 4 it was not given until 
one day following operation. 

Throughout all periods of all four experiments collections of both blood and 
urine were made at least once a day. In the third period of experiments 1 and 
2 samples were taken at one, four and twelve hour intervals. At the time of 
collection residual bladder urine was -withdrawn by catheterization and the 
bladder washed vdth sterile, isotonic saline until the ■w’^ashings were clear. This 
material w'as added to the urine collected from the metabolism cage during this 
period, and the entire sample filtered and then thorough^’- mixed to insure 
proper sampling. Care was taken to avoid fecal contamination. The com- 
pleteness of each urine collection was checked by determining the creatinine 
output in each sample. 

Immediately after catheterization, a blood sample was -withdra-^ra b}^ jugular 
puncture. The whole blood was allowed to clot, was centrifuged, and the 
serum taken for analysis. 

Each urine sample was analyzed for inorganic phosphate, total calcium, and 
creatinine. Calcium and inorganic phosphate determinations were made on 
the serum, and except for the first experiment, alkaline phosphatase values were 
obtained for each serum sample. 

Inorganic phosphate was determined by the method of Fiske and SubbaRow 
(2) ; calcium by that of Fiske and Logan (3) ; and phosphatase bj'^ that of Bodan- 
sky (4). _ _ 

Results. The data obtained in the experiments are presented graphicall}'' m 
figures 1 to 4. The metabolism data are given in figures 1 and 3, the blood 
data in figures 2 and 4. 

A. Thyroid adminislration to normal dogs. In experiments 1 and 2 the ex- 
cretion of urinary calcium was increased tenfold on the second day of the ad- 
ministration of thyroid (figs. 1 and 3). Some increase in calcium excretion 
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appeared on the first das’- of th 3 froid feeding. The increase in calcium excretion 
,was accompanied no marked change in the level of serum calcium (figs. 
2 and 4) . 

The phosphoms excretion in the urine showed no marked or consistent altera- 
tions follovdng thiuoid administration; nor were the levels of serum inorganic 
phosphate affected. Phosphatase values of the serum showed no changes. 

B. Parathyroid hormone administered to hyperthyroid dogs. The charts of 
experiments 1 and 2 show that the administration of parathyroid hormone to 
these hj'^perthj’Toid dogs produced the response known to be characteristic of this 
hormone (5) . There was an immediate increase in phosphoms excretion, being 
most marked in the first hour after injection of the hormone. The serum, 
phosphorus fell slightlj?^ follovdng the injection of the parathiu-oid hormone. 

Phosphatase values followed in experiment 2 remained essentially unchanged 
during this response to parath 5 ’'roid preparations. 

C. Thyroid administration to thyroparathyroidectomized dogs. After a lapse of 
two weeks, and follovdng another control period, the thjuoid and parathyroid 
glands were removed from dogs 1 and 2. There was a fall in phosphate excretion 
and in the concentration of serum calcium. 

On the fifth post-operative day dog 1 developed tetanj’’ from which it spon- 
taneousl}’’ recovered and subsequentlj’’ survived several months. Dog 2 died 
in tetany on the fourth post-operative dajL 

The phosphoms excretion, in both instances, was less in the post-operative 
period of thju’oid administration than it was previous to both thyroid feeding 
and operation. In the experiment on dog 2 the phosphoms excretion was 
virtually zero. 

The semm calcium dropped steadilj’' during the post-operative period in spite 
of the thjToid administration. In both cases, the values reached a minimum 
of 4 meq. per liter. The administration of thjToid to these thju'opara- 
thjToidectomized dogs results in calcium excretions much less than those found 
in the same dogs treated similarlj'^ before the thyroid and parathyroid glands 
were removed. 

The semm phosphorus in experiment 3 rose above 6 meq. per liter on the 
second post-operative da}'’, and remained at that level. In experiment 4, also, 
there was a slight rise in semm phosphoms on the second post-operative daj', 
but it quicklj' returned to preoperative levels. 

The alkaline phosphatase values showed an increase of 2 and 5 units respec- 
tivel}’’ b}'^ the fourth post-operative daj'. 

Discussion. The data of these experiments demonstrate that an excess of 
the th 3 ’’roid hormone will affect calcium metabolism in the normal dog. "i^Tiether 
it does so as the result of its direct action on calcium metabolism or indirectl}’’ 
through the parath 3 'roid hormone has not been definitel}’’ answered by these 
experiments. There ma}' be some question as to the possibilit}' of a h 3 'per- 
tltyroid diuresis having caused the increase in calcium output. The fact that, 
in our experiments, there was no relation between total urine volume and total 
calcium output indicates that this effect is not important. Under the influence 
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Fig. 3. Urinary excretion of calcium and phosphorus in experiments 2 and 4. 



meS?2^an?4!"' phosphatase in the blood serum in experi 
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of the thyroid hormone, the calcium output was approximately ten times its 
former value, while the total urine output was only about 2.8 times the normal 
volume. Nor is this increase due to neutralization of acid metabolites whose 
production has increased because of the higher metabolic rate (6) . 

The data show that the pattern of response to the thyroid hormone is dif- 
ferent from that produced by the parathyroid hormone. A¥hile the thyroid had 
no consistent effect on phosphorus metabolism, the parathyroid hormone caused 
an immediate rise in urinary phosphorus and a simultaneous drop in serum 
phosphorus. Further, thyroid administration produced a gradual rise in 
calcium excretion with no change in serum levels for calciiun. Parathyroid 
hormone caused a rise in serum calcium as well as a rise in calcium excretion, 
both within 24 hours. The results obtained on these hyperthyroid dogs are in 
agreepaent with those obtained on normal dogs (5). 

If the thyroid exerts its action on calcium and phosphorus metabolism through 
stimulation of the secretory activity of the parathj’-roid gland, one might have 
expected to find the metabolic responses in the two experiments to be similar. 
Such is obviousl}’’ not the case. It is therefore concluded, though not proven, 
that the thyroid acts in a different manner than through a direct influence on 
the secretory activity of the parathyroid gland. This conclusion is not vitiated 
by the fact that the administration of thyroid to thj’roparathyroidectomized 
dogs produced no significant changes in the calcium and phosphorus metabolism. 
The thyroid hormone ma 3 ’’ not be able to increase calcium excretion in these 
animals because of their low serum calcium. It is true that if the effect of thy- 
roid hormone upon calcium and phosphorus metabolism were mediated through 
the parathyroid gland, this result would be expected. Yet the experimental fact 
that the feeding of thju'oid hormone to the operated dogs produced no significant 
alterations in calcium and phosphorus metabolism is not, of course, evidence for 
that hypothesis. 

Careful studies on the calcium and phosphorus changes after thyroid adminis- 
tration to thyroparathyroidectomized animals are not numerous. Kunde has 
made studies on thju-oparathyroidectomized dogs, but her data do not include 
figures for excretion of these substances (7). Neither are studies on the effects 
of thj’-roid administration to human patients suffering from hypoparathyroidism 
to be found in abundance. The most conclusive ones are the very detailed and 
complete studies of Aub, Albright, and their collaborators (8). These observers 
gave thj'-roid to two clinical cases of hypoparathyroidism which were maintained 
on parathj'^roid hormone. They found that the thj’Toid in these cases increased 
phosphorus excretion, raised the seram calcium, and finally caused an increased 
urinarj'- excretion of calcium. The latter occurred only after the serum level 
of calcium had reached about 8 mgm. per cent. Thej’’ postulate that the 
calcium excretion in the urine does not rise until the threshold is reached by the 
level of serum calcium. 

It is interesting to note, however, from an examination of their data that, m 
these same patients, thj^roid produced only slight changes in serum calcium and 
no changes in calcium excretion when parathyroid hormone was not being 
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simultaneously given. This is in complete agreement with the experimental 
results of this present study. 

The elucidation of these phenomena, and of the mode of action of thyroid here, 
depends upon an understanding of why thyroid administration to thyropara- 
thyroidectomized dogs does not produce the same marked changes in calcium 
and phosphorus metabolism as it does in normal animals. 

There are several possibilities as to why this occurs. Perhaps the para- 
thyroid hormone must be present in the tissues and fluids of the animal for 
the demonstration of the characteristic thyroid eSect on calcium metabolism. 
On the other hand, the lower level of the serum calcium in the parathyroidec- 
tomized dogs may not allow a rise in calcium excretion when thyroid is given, 
because the seram concentration is below the calcium thi’eshold of the kidney. 

Regardless of the final explanation of why the effects of thyroid and para- 
thyroid administration are dissimilar, it would appear from our results that the 
effects of the two hormones on calcium metabolism are to be regarded as different 
both qualitatively and quantitatively. 

SUMMARY 

1. The administration of thyroid hormone to noimal dogs produces a marked 
increase in calcium excretion, ndth no change in serum calcium levels. There 
are no significant changes in phosphoras metabolism. 

2. Parathyroid hormone administration to h 3 q)erthyroid dogs produces the 
classical response found to be characteristic of normal dogs. 

3. The feeding of thyroid hormone to thyroparathyroidectomized dogs results 
in only slight increase in calcium excretion in the urine. It does not prevent 
serum calcium from falling to a subnormal level. There is no manifest effect 
on phosphorus metabolism. 

4. Serum phosphatase remains unchanged throughout such experiments. 

5. The implications of these facts are discussed. 


The authors wish to thank Professor A. Baird Hastings for his kind assistance 
in tliis work and in the preparation of the manuscript. They also wish to th ank 
Dr. S. J. Maddock for thyroparathjnroidectomizing the animals. 
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It has long been recognized that heat sense differs in its qualities from warmth, 
but the nature of the ph 5 ’-siological process producing the sensation of heat has 
not been at all clear. The attractive theoiy of Alrutz, that heat results from a 
simultaneous stimulation of warmth and cold receptors found support in the 
work of Dallenbach and his collaborators (1), Cutolo (2), Altson (3) and others. 
The composite picture presented by these workers was that not only could heat 
be elicited by simultaneous stimulation of warmth and cold, but also the areas 
to which these two stimuli were presented could be separated by as much as 10 
or 15 cm. and still give a successful synthesis of heat. 

Arrayed against acceptance of the Alrutz theorj'^ is the work of Heiser, Jenkins 
and others. Heiser (4) stimulated areas previouslj’' established as deficient in 
cold spots, and could sometimes arouse there sensations of heat. Although this 
result was not obtained in even a majority of the cases, he considered the evidence 
good enough to warrant denial of the Alrutz theory. Jenkins (5, 6) worked with 
a number of untrained subjects and found that attempts to stimulate heat from 
a S3mthesis of warmth plus cold were successful onl}’’ in a scattered minorit}'" of 
cases. In addition, he found (6) if the cold component be replaced bj'' a shock 
component (electrical shock), that the combination of warmth plus shock was 
more effective in evoking reports of heat than warmth plus cold. 

The present paper offers data on the spatial summation of heat which supports 
the conclusion that heat sensation is mediated bj^ a receptor type unique to it. 
It makes untenable the Alrutz theory for heat sensation, although it in no way 
maintains that heat cannot be elicited bj”^ anj'^ of the S3mthetic methods men- 
tioned above. 

Method. The method was adapted from the radiation technique of Hard 3 " 
and Oppel (7) and has been described elsewhere (8). Briefl 3 ’’ it consisted in 
focussing the light from a 2,000 watt tungsten lamp onto the blackened forehead 
of the subject. Stimulus-duration of three seconds was controlled b 3 ’' a manualb’’ 
operated shutter in the light beam. Stimulus intensity was controlled b 3 '’ vari- 
able rheostats in the lamp circuit and measured b 3 ’’ a radiometer. The area of 
skin e.xposed was fixed by suitabR’" selected shields vdth kno^wn circular aperture. 

The threshold for heat for three seconds’ stimulation was measured for two 
trained observers (the authors) as a function of area. The intensity of radiation 
was adjusted imtil the sensation of heat w'as evoked just at the end of the three 
seconds’ stimulation for each of the areas studied. 
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Results for the two observers were highly consistent within the normal spread 
and each had the same threshold at the various areas. The averages the 
data on the two observers are reported in table 1. The spread in threshold 
intensity from this average was about ±18 per cent for the smallest areas and 
decreased to about ±7 per cent at the larger areas. Radiation intensities are 
reported in “units” where one unit is 10"® gm.cal./ cm-/sec. 

TABLE 1 


Thresholds for heal sense on the forehead for different sizes of exposed areas 


AREA 

1 TBRESHOXi'D INTENSITY 

sq. cm. 

units 

1.0 

10,350’" 

2.0 

7,000 

3.5 

6,050 

7.0 

4,150 

10.0 

4,000 

15.0 

3,550 

20.0 

2,900 

27.3 

2,900 


* It should be noted that these values were obtained for stimulation lasting three sec- 
onds, and they cannot be compared directly with the heat threshold reported in a previous 
paper (8) in which the stimulus was of two seconds’ duration. 



Fig. 1 Fig. 2 


Fig. 1. Log stimulus intensity vs log area for warmth, heat and pain thresholds, showing 
the different degree spatial summation for each of these sensations. 

Fig. 2. Slopes of the spatial summation curves of heat, cold and warmth plotted from a 
common point. On the basis of the Alrutz theory, the line for heat should fall somewhere 
in the shaded region. 

The data can be more easily analyzed if they are plotted on a logarithmic scale 
together vdth similar data for warmth and pain. Figure 1 shows such a plot. 
Upon comparing the slope of the heat curve ndth the corresponding portion of 
the warmth curve, it is seen that the slopes of the two are markedly different. 
This means, of course, that heat cannot be the result merely of strong stimulation 

of warmth receptors, since then the summation should be identical with that 
of warmth. 
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The question remains whether or not the cold receptors are concerned in com- 
bination with the warmth end-organs. That is, may we consider heat sense, 
H, to be made up of the sum of the separate components warmth, W, and cold, 
C? Or, in terms of the threshold sensations, can we say 

Ho = K {aWo + hCo)? 

a and h represent the proportions of warmth and cold senses in heat and iT is a 
constant. Should any such relationship exist, a plot of the curve for heat 
threshold, in terms of log A o and log lo, would show a slope between the curves for 
a similar plot of warmth and cold. Figure 2 shows the slopes of the log threshold 
stimulus intensity vs. log area curves for warmth, cold and heat drawn from a 
common point to allow easy comparison. The Almtz theoiy would require that 
the line representing the slope of the heat curve fall somewhere in the shaded 
region between warmth and cold. This is not the case. The fact that the line 
falls outside this region shows that no simple addition of warmth and cold in anj'- 
proportions will give heat. Indeed, it is hard to see how a positive S 3 mthesis of 
these sensations would give heat, although inhibiting effects and possible complex 
sjmtheses are not ruled out. The present evidence is, however, definitely con- 
trarj’- to the Alrutz theor 3 ^ 

Other findings support this view. In a previous paper (8) evidence was pre- 
sented which showed that a new receptor tj'^pe was entering into activit}’- as the 
heat threshold was approached, and that the sensation of heat became apparent 
when the response of these receptors was intense enough to dominate the sensory 
experience. The nature of these end-organs was then ambiguous and thej'- were 
called the “C-receptors.” It is now apparent that the “C-receptor” is identical 
with the heat receptor. 

In the same paper (8) it was stated that, whereas for low stimulus intensities 
the central portion of the forehead seemed to have a symmetrical end-organ dis- 
tribution, at the high stimulus intensities an asymmetry in end-organ distribu- 
tion became noticeable. This becomes understandable if one considers that the 
low intensities excited warmth receptors, while the high intensities excited both 
warmth and heat receptors, the latter end organs being asymmetrically located 
over the area under question. 

The fact that the skin contains heat receptors which are ready^ to respond to a 
thermal stimulus of sufficient intensity deserves emphasis. It has been recog- 
nized by’’ Dallenbach and co-workers (9) and Bazett and McGIone (10), for in- 
stance, that there exist certain upper limits of stimulus intensity which cannot 
be surpassed if it be desired to study'^ a single sensation. Their precaution was 
a wise one. An example will help make clear what is meant: suppose in puncti- 
form mapping, vith a view to study”^ waimth sensation, that a stimulus is used 
which is also adequate for heat. The results will be a mixture of reports on two 
sensations and not, as is often assumed, on grades of a single sensation. Since 
these two have different laws of summation, ambiguities will appear when an 
attempt is made to give an areal interpretation to punctiform mapping tests. 
Equally^ ambiguous will be the conclusions upon attempting to compare results 
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at different levels of stimulus intensity. Thus, the recent results of Jenkins (11) 
using seriatum mapping with temperatures of 36 and 41 °C. are adequately ex- 
plained on the basis that warmth was stimulated in one case, and warmth and 
heat in the other. He observed that the mappings at 36°C. were not simple 
reductions of intensity from those made at 41°C., a result which would be 
inevitable if heat and warmth were stimulated in the latter case and onlj^ waimth 
in the former. 


SUMMARY 

1. The threshold for heat as a function of area has been measured for two 
trained observers using radiation technique. The thresholds for both observers 
are the same. 

2. Heat shows spatial summation, but to a lesser degree than does either 
warmth or cold. 

3. Heat sensation is mediated bj’’ its ow-n receptor type and is not a ‘‘synthetic 
sensation” due to warmth and cold. 
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This investigation was undertaken to determine the normal distribution of 
available water in the animal body and the degree to which certain tissues maj^ 
serve as reservoirs of available ivater. Isotonic deh 3 'dration of two magnitudes 
and hj^dration of one magnitude were imposed to determine the stability of 
the distribution of available water and the degree to which plasma water, ■ 
available water, and intracellular water volumes are affected bj'^ neutral isotonic 
fluid loss and gain. 

Methods. Full grown, white, male and female rabbits weighing between 
2.5 and 3.5 kgm. were used as experimental animals. They had been adequatel}’’ 
cared for under similar conditions for several da 3 "s before determinations were 
made. Bod 3 ’’ weight, plasma water and available water volumes, and hemato- 
crit were determined for each animal. Five to seven da 3 ’^s later a second de- 
termination of these values and the determination of total water and available 
water content of several tissues were made on each of the same animals under 
the same conditions. Rabbits were fasted for twelve hours without restriction 
of water before the determinations were made. Three cubic centimeters of 
blood were drawn b3^ S3’’ringe from the posterior marginal vein of one pinna. 
Into the same vein 0.15 to 0.20 cc. of a 0.125 per cent solution of Evans blue 
d 3 ^e, T-1824, and 0.20 to 0.25 cc. of a 10 per cent solution of sodium thiocyanate 
per kilogram of bod3'' weight were injected from accurate^'- calibrated S3U’inges. 
The syringes were cleared of d 3 "e and thioc 3 '-anate b 3 '^ rinsing mth blood. Five 
blood samples of 2.0 to 3.0 cc. each were drawn at approximate^'’ twent 3 ’’ min- 
ute intervals and four more at half hour intervals from the central arter 3 '^ of the 
opposite pinna. Approximate^’’ twent 3 '’ units of heparin (Connaught Labora- 
tories, Toronto) were added to each sample of blood. A portion of the blood 
drawn before injection was centrifuged in a Wintrobe tube, and the red cell 
and plasma volumes were calculated from the scale readings. The remainder 
of the first dra-rna blood and samples drawn after injection were centrifuged. 
The concentration of d 3 m in the first five or six samples of blood drawn after 
injection were determined on an Evel 3 ’’n photoelectric colorimeter using a 620 
mp filter. Corrections were made for the excessive absorption of light whenever 
there was appreciable hemolysis. One cubic centimeter of plasma from blood 
dra-wn before injection of thioc 3 'anate and 1.0 cc. of plasma from each of the 
samples dra-wn subsequent to one and one-half hours after injection of thio- 
C3’’anate were each added to 10.0 cc. of 10 per cent trichloroacetic acid and the 
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precipitated proteins and dye were removed by filtering. Three cubic centi- 
meters of a 5 per cent acid ferric nitrate solution were added to 7.0 cc. of each 
filtrate in separate Evelyn photoelectric colorimeter tubes. The concentra- 
tions of ferric thiocyanate were determined with a 490 ran filter. The calcula- 
tions of plasma water and available water volumes followed the lines suggested 
by Gregersen and Stewart in 1939. 

Available water volumes determined experimentally were lowered 5 per cent 
to correct for the discrepancy between thiocyanate content of 1.0 cc. of plasma 
and 1.0 cc. of plasma water. Available water volumes were corrected for the 
passage of thiocyanate into erythrocytes. Seventy per cent of the total volume 
of the blood cells, the water content of the erythrocytes, was subtracted from 
the availably water volume. No corrections were made for the concentration 
of thiocyanate in cells of the salivary glands and gastric mucosa or its slow 
diffusion into cerebrospinal and synovial fluids. It is difficult to make precise 
corrections for these variations. The errors introduced by omitting these correc- 
tions are small and compensate for one another to a degree. The interstitial 
water and plasma water volumes are recorded together as available water vol- 
ume. In the absence of formulae whereby the body surface area of rabbits 
might be calculated from bod}'- weight, plasma water and available water vol- 
umes are expressed in relation to the square of the cube-root of body weight 
in kilograms. The first determinations of body weight, plasma water and 
available water volumes, and hematocrit and the second determination of these 
values, made five to seven days later on normal and experimental animals, 
varied within the experimental range and are not tabulated separately. 

Available water volumes of several tissues were calculated on the basis of the 
amount of thiocyanate in tissues as compared to the amount in plasma water. 
After the last blood sample was drawm for the determination of plasma water and 
available water volumes, approximately 1.0 cc. of a 25 per cent solution of sodium 
thiocyanate per kilogram of body weight was injected into the same vein into 
which dye and thiocyanate were injected for the determination of plasma water 
and available water volumes. Two hours later 1 .0 to 2.0 cc. of blood were drawn 
from the central arter}^ of the opposite pinna. Heparin was added and the blood 
centrifuged. Immediately after drawing the blood sample, the animal was 
killed by pithing the brain and upper spinal cord directly. Three or more 
samples of the indicated quantities of the following tissues were transferred to 
weighing bottles each of which had been previously weighed: 1 to 2 grams of 
skin (from which the hair had been closely clipped), semitendinosus muscle, 
rectus abdominis muscle, heart ventricle muscle (the chamber of which had been 
cleared of blood), and liver, approximately 0.5 gram of spleen, and 3 grams of 
perinephric, omental, cervical, and inguinal fat. Care was taken to keep the 

normal amount of blood in the tissues. Fresh weights of all of the tissue samples 
were determined. 

Two-tenths of a cubic centimeter of plasma from the blood sample was added 
to each of two centrifuge^ tubes each of ndiich contained approximately 10 cc. of 
10 per cent trichloroacetic acid. The precipitated proteins were throvm dovm 
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by centrifuging. Each of two sanaples of each tissue was ground with clean 
sand and distilled water until the tissue was completely broken up. Macerated 
tissue and sand were then washed into a centrifuge tube and 1.0 cc. of 50 per cent 
trichloroacetic acid was added for each 5 cc. of liquid. Precipitated proteins 
and sand were thrown down by centrifuging. Each supernatant fluid was 
transferred to a 25 cc. volumetric flask. Each precipitate was broken up and 
washed with approximately 5 cc. of 10 per cent trichloroacetic acid. The wash- 
ing was repeated at least twice and each supernatant fluid was added to the 
corresponding flask. Each fluid was made up to 25 cc. and 10 cc. were trans- 
ferred to each of two Evelyn colorimeter tubes. Three cubic centimeters of 
distilled water were added to the first tube and the galvanometer was adjusted 
to 100 with a 490 m^t Alter. Three cubic centimeters of acid ferric nitrate 
solution were added to the second tube and the concentration o'f ferric thio- 
cyanate was calculated from the galvanometer reading. By such a comparison 
reading, errors from turbidity and unprecipitated tissue pigments were avoided. 
Determinations of plasma and tissue thiocyanate content were made in dupli- 
cate. The plasma thiocyanate content was raised 5 per cent to indicate the 
amount of thiocyanate in 1.0 cc. of plasma water. The available water volume 
per gram of tissue was calculated from the ratio of the amount of thiocyanate in a 
gram of tissue to the amount in 1.0 cc. of plasma water. 

One sample of each tissue was dried to constant weight at 100°C., the dry 
weight determined, and the total water content calculated. The intracellular 
water content of tissues was calculated by subtracting the available water 
volume from the total water content. The method used for the determination 
of available water volume in tissues in this investigation had a seemingly high 
degree of accuracy. In experiments wherein known amounts of thiocyanate 
were added to tissue, 98 per cent or more of the thiocyanate was recovered. 

Using tables published by Skelton in 1927 giving the percentage of the total 
body weight represented by each of several organs, the percentages of the total 
available water held by skin, muscle, and liver in a 3 kgm. rabbit were calculated. 
The average of the available water content of the two somatic muscles analysed 
was used in the calculations on muscles. 

Dehydration of two magnitudes and hydration of one magnitude were imposed 
on the experimental animals. A moderate dehydration was obtained Ijy inject- 
ing a solution containing 0.645 gram of NaCl, 0.255 gram of NaHCOs and 5.5 
grams of glucose in each 100 cc. into the peritoneal cavity. A more advanced 
dehydration was obtained by injecting a solution containing the same amounts 
of NaCl and NaHCOs as in the less severe dehydration and 16.5 grams of glucose 
in each 100 cc. One hundred cubic centimeters of this solution were injected 
for each relative unit of body surface area. After four hours a volume of fluid 
was withdravm from the peritoneal cavity equivalent to that injected and 22 
per cent of the normal available water volume in moderate dehydration, and 50 
per cent in advanced dehydration. Moderate hydration was imposed bs'^. inject- 
ing a solution containing 0.645 gram of NaCl and 0.255 gram of NaHCOs iu 
each 100 cc. Two hundred cubic centimeters of this solution were injected for 
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each relative unit of body surface area. After six hours one half of the amount 
injected was withdrawn. In this way 100 cc. of isotonic NaCl-NaHCOs solution 
were introduced into the animal per relative unit of body surface area. Two 
hours after removal of fluid from the peritoneal cavity in dehydration and hydra- 
tion experiments, determinations of plasma water and available watei volumes 
and hematocrit were made. After the second imposition of the experimental 
conditions on the same animal, five to seven days later, a similar equilibration 
period was allowed, following which plasma water and available water volumes, 
hematocrit, total tissue water, and available water content of tissues were deter- 
mined. The fluid injected into the peritoneal cavity was made to resemble the 
plasma in respect to sodium, chloride, and bicarbonate ions in order not to 
disturb significantly the electrolyte concentration or acid-base balance of body 
water. 

The loss, or gain, of water in each tissue was calculated on the basis of the 
increased, or decreased, portion of solid material in the tissues. This calculated 
loss, or gain, could be verified on the basis of increased, or decreased, portion of 
intracellular water volume. Therefore, it was apparent that the intracellular 
water volume was still of the same ratio to solid material as in normal animals. 
The intracellular water volume, therefore, w'as not affected and the water loss, or 
gain, was restricted to the available water compartment. Since no determina- 
tions of plasma volume nithin tissues were made, values were not obtained for 
the volume and loss or gain of the interstitial water. Using Skelton’s tables, 
loss or gain of water by each of several organs of a 3 kgm. animal was calculated. 

Results. Data which were obtained on normal animals are summarized in 
table 1; on dehydrated animals in tables 2 and 3; and on hj’^drated animals in 
table 4. 

Discussion. The tissue analyses, presented in table 1, indicate that skin 
and muscles are the principle depots of aimilable water. Combined the}’- contain 
three-fourths of the available water in a normal rabbit. Although skin contains 
approximately four times as much available water per unit weight as muscle 
does, muscle constitutes about four times as much of the body’s weight as skin. 
Therefore, all of the skin and all of the muscle contain approximatelj’- equal 
amounts of available water. Liver, heart ventricle muscle, and spleen contain 
more available water per unit weight than somatic muscle does, but due to the 
fact that they'comprise smaller portions of the body’s weight, they are depots of 
lesser significance. Fats are insignificant as storage sites of available water. 
Apparently fat can be stored practically free of water. The epithelial portion of 
skin probably does not participate to a great extent in retention of available 
water. IManery, Danielson and Hastings pointed out in 1938 that connective 
tissue could be assumed to consist of connective tissue proteins suspended in an 
ultrafiltrate of plasma. Subcutaneous connective tissue constitutes a consid- 
erable portion of the mass of skin. It is probable that in the connective tissue 
portion is to be found the greater part of the available water store in skin The 
larger available water compartment in the rectus abdominis as compared to the 
semitendmosus muscle may be related to a larger connective tissue fraction in the 



TABLE 1 TABLE 2 


Norynal animals 22 ■per cent of available water withdrawn 



4 cT 

: 4 9 

Aver- ^ 

Average 




AGE 

OF 2 o’ + 

Plasma water 

1 

i 


2 9 

volume cc. 

82.7 

70.6 

Plasma water volume cc. 


(wgt. in kgm.)”" 

’^6-® (wgt. in kgm.)-5 

/O.ii 

Available water 



Available water volume cc. 


volume cc. 



(wgt. in kgm.)”^ 

238 

(wgt.inkgm.)“i 

325 

281 

303 Hematocrit (per cent plasma) . . . 

64.2 

Hematocrit (per cent 





plasma) 

67.9 

64.8' 

66.3 



Tissue analyses on +49 



AVAIL- 
ABLE 
iWATER, 
CC. PER 
GM. 

1 IKTRA- 
, CELLU- 
LAR 

Itvater, 
cc. PER 
GM. 

SOLIDS, 
GM. PER 

Gx\f. 

Skin 

0.627 

0.105 

0.268 

Semitendinosus 
muscle 

0.123 

0.633 

0.244 

Rectus abdominis 
muscle 

0.162 

0.563 

0.275 

Liver 

0.340 

0.401 

0.259 

Heart ventricle 

0.340 

0.439 

0.221 

Spleen 

0.410 

0.366 

0.224 

Perinephric fat 

0.043 

0.018 

0.939 

Omental fat 

0.066 

0.018 

0.916 

Cervical fat 

0.090 

0.098 

0.812 

Inguinal fat 

0.110 

0.084 

0.806 




Calculated for a 3 kgm. animal 



AVAILABLE 
■WATER IN 
ORGANS, 
cc. 

PER CENT 
OF TOTAL 
AVAILABLE 
WATER 

Skin 

258 

41.0 

Muscle 

219 

34.8 

Liver 

53 

8.4 

Other organs (calc’d) . 

100 

15.8 

Total 

630 

100.0 


Tissue analyses on 2d' + ^ 9 



AVAIL- 
ABLE 
WATER, 
cc. PER 
GM. 

INTRA- 
CELLU- 
LAR 
WATER, 
cc. PER 
GM. 

SOLIDS, 
GM. PER 

GM. 

Skin 

Semitendinosus 

0.574 

0.120 

0.306 

muscle 

Rectus abdominis 

0.102 

0.648 

0.250 

muscle 

0.134 

0.582 

0.284 

Liver 

0.283 

0.435 

0.282 

Heart ventricle 

0.290 

0.472 

0.238 

Spleen 

.0.352 

0.402 

0.246 

Perinephric fat 

0.040 

0.019 

0.941 

Omental fat 

0.058 

0.018 

0.924 

Cervical fat 

0.052 

0.103 

0.845 

Inguinal fat 

0.063 

0.089 

0.848 


Calculated for a S kgm. animal 



cc. 

LOST 

PER 

GM. 

PER 

CENT 

OP 

NOR- 

MAL 

AVAIL- 

ABLE 

WATER 

LOST 

cc. 

LOST 

BY 

WHOLE 

ORGAN 

PER 

CENT 

CON- 

TRIB- 

UTED 

OF 

TOTAL 

LOSS 

Skin 

0.125 

20 

51.5 

38.2 

Semitendinosus , 





muscle 

0.021 

17 






41.5 

30.7 

Rectus abdominis 





muscle 

0.032 

20 



Liver 

0.079 

23 

12.5 

9.3 

Heart ventricle. . . . 

0.070 

21 



Spleen 

0.090 

22 



Perinephric fat .... 

0.003 

7 



Omental fat 

0.008 

12 



Cervical fat 

0.040 

45 



Inguinal fat 

0.050 

45 



Other organs 





(calc’d) 



29.5 

21.8 

Total 



135 

100.0 
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TABLE 3 

50 per cent of available water 


withdrawn 



AVERAGE 

of 2 cT + 


2 9 

Plasma water volume cc. 

n.4 

(wgt. in kgm.)-* 

Available water volume cc. 

153 

(wgt. in kgm.)~* 

Hematocrit (per cent plasma) . . 

61.8 


Tissice analyses on Sd' + ^ 9 



AVAIIi- 

ABLE 

WATER, 

CC.PER 

GM. 

INTRA- 
CELLU- 
LAR 
WATER, 
CC, PER 
GM. 

SOLIDS, 
GM. PER 
GM. 

Skin 

0.378 

0.175 

0.447 

Semitendinosus 
muscle 

0.091 

0.656 

0.253 

Rectus abdominis 
muscle 

0.118 

0.592 

0.290 

T.ivp.r 

0.267 

0.445 

0.288 

Heart ventricle 

0.294 

0.470 

0.236 

Spleen 

0.345 

0.407 

0.248 

Perinephric fat 

0.042 

0.020 

0.938 

Omental fat 

0.062 

0.020 

0.918 

Cervical fat 

0.051 

0.101 

0.848 

Inguinal fat 

0.067 

0.091 

0.842 


Calculated for a 3 kgm. animal 


TABLE 4 

Available water increased by 34 per cent 



AVEHAGE 

of2 & + 

2 9 

Plasma water volume cc. 

1 

1 

78.1 

(wgt. in kgra.)"^ 

Available water volume cc. 

407 

(wgt. in kgm.)-^ 

Hematocrit (per cent plasma) . 

69.4 


Tissue analyses on 2d' +29 



AVAIL- 
.\.BLE 
WATER. 
CC. PER 
GM. 

INTRA- 

CELLU 

LAR 

WATER, 
CC, PER 
G.M. 

SOLIDS, 
G.M. PER 
GM. 

Skin 

Semitendinosus 

0.695 

0.085 

0.220 

muscle 

Rectus abdominis 

0.148 

0.615 

0.237 

muscle 

0.202 

0.535 

0.263 

Liver 

0.400 

0.364 

0.236 

Heart ventricle 

0.382 

0.411 

0.207 

Spleen 

0.483 

0.321 

0.196 

Perinephric fat 

0.050 

0.020 

0.930 

Omental fat 

0.074 

0.020 

0.906 

Cervical fat 

0.142 

0.093 

0.765 

Inguinal fat 

0.176 

0.078 

0.746 


Calculated for a 3 kgm. animal 


Sldn 

Semitendinosus 
muscle 

Rectus abdominis 

muscle 

Liver 

Heart ventricle . . . 

Spleen 

Perinephric fat 

Omental fat 

Cervical fat 

Inguinal fat 

Other organs 


i cc. 

LOST 

PER 

GM. 

! 

PER 
: CENT • 
OF 

NOR- 1 
MAL j 
AVAIL- 
ABLE j 
WA- , 
TER 
LOST 

! 

! PER 

1 CENT 

' BV 

whole' 
:orgakL^° ^ 

' j TOTAI^ 

, LOSS 

1 

0.400 

64 

165. Oi 53.0 

1 1 

0.035 

28 i 

i 1 

1 1 


j 

I 65.8' 21.0 


0.050 

31 

! 

1 

0.100 

29 

15.6! 

0.068 

20 

1 

0.100 

24 

i 

0.002 

5 

\ 

0.005 

8 

\ 

0.040 

45 

1 

0.045 

41 

! 

i 


(cak’d) 
Total . . 


65.6 


312.0 


21.0 


100.0 



CC. 

GAIN- 

ED 

PER 

GM. 

PER 

CENT 

or 

NOR- 

.MAL 

AVAIL- 

ABLE 

TTATEK 

GAIN- 

ED 

CC. 

GAIN- 

ED 

BY 

WHOLE 

ORGAN 

PER 

CENT 

OF 

TOTAL 

GAIN 

AC- 

CEPT- 

ED 

Skin 

0.225 

36 

92.7 

— 

43.0 

Semitendinosus 
muscle 

0.030 

24 



Rectus abdominis 
muscle 

0.050 

31 

47.0 

21. S 

Liver. 

0.100 

29 

15.6 

7.2 

Heart ventricle 

0.070 

21 



Spleen 

0.140 

34 



Perinephric fat 

0.007 

16 

■ 


Omental fat 

0.010 

15 

1 


Cervical fat 

0.060 

67 

( 

1 


Inguinal fat 

Other organs 

O.OSO 

73 

( 


(cak’d) 


i 

60. 7 ! 

1 

28.0 

Total 


;216.0;i00.0 
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former. In 1936 Harrison, Harrow and Yannet published estimates of the extra- 
cellular fluid content of skin, muscle, and liver. Their method was based on the 
assumption that chloride ions are limited in their distribution to the extracellular 
compartment of tissues. The results of the present investigation are comparable 
to those of these investigators. 

The marked constancy of plasma volume even in advanced dehydration, tables 
2 to 4, confirms the suggestion made hy Underhill and Fisk in 1930 that when 
there is enough water available to more than offset the concentration of the 
blood that has developed from the dehydration, it is unlikely that the organism 
would permit the blood to remain a deficient organ unless the release of the 
remaining water involved difficulties equally or more serious than those of 
reduced blood volume. In a state of dehydration amounting to 22 per cent 
reduction in the available water volume, table 2, the tissues examined, except 
fats, lost water roughlj’- proportional to their available water content. In the 
more advanced state of deh 3 '-dration, table 3, there was no such proportionate 
loss. When water loss was more severe skin lost a greater fraction of its available 
water than did other tissues and contributed more than half of the total water 
loss. The structural stability of organs such as somatic muscles, liver, heart 
ventricle muscle, and spleen maj’’ prevent the removal of more than a portion 
of their available water. In 1935 Hamilton and Schwartz published results of 
dehydration studies on force fed, water deprived dogs. The results on total 
tissue water loss in muscles, skin, and liver in the present investigation are com- 
parable to those of these authors. The animals subjected to the more severe 
degree of deh^’^dration showed the typical signs of water-loss. They were listless, 
the mucous membranes of the mouth were driq and the sldn over the bodj'' was 
loose. On opening the peritoneal cavity the surfaces of the viscera were found 
to be abnormall}'' dry. 

An explanation of the constancy of plasma volume in the hj'^dration expeil- 
ments wherein the available water volume was increased by one-third, table 4, 
may be found in the two factors involved in the passage of added ciystalloid 
solutions from the vascular compartment into the extravascular compartment: 
increased capillary blood pressure and decreased effective colloidal osmotic i 
pressure of plasma proteins. In experiments wherein the available water 
volume was increased by one-third, table 4, the skin accepted an addition of 
water equal to 36 per cent of its normal available water content. All other 
tissues investigated, except subcutaneous fat, accepted less in proportion to their 
normal available water volume. The other tissues were apparently limited by 
the pressure which resists distention. This pressure was called “tissue tension” 
by Krogh in 1929. It obviously varies mth the anatomical structure and posi- 
tion of the tissue. Such a tension maj’’ be a factor in determining the distribu- 
tion of excessive water in the animal bod 3 '-. 

There was no urination by the animals during the experiments and the urinaiy 
bladder was found to be onb’" moderately filled in all animals when the peritoneal 
cavity was opened for tissue sampling. The lack of appreciable urine formation 
b 3 ’’ the animals during these experiments simplifies the interpretation of results 
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somewhat. The onlj^ gain in water was metabolic water and the only loss was 
b 3 '’ evaporation from the respiratory tract, both of which were assumed to be 
negligible. 

The shift of water across the cell membrane due to disturbances of the osmotic 
equilibria and physiological neutrality has been a factor in the investigations of 
dehydration and hydration reported in the literature. In the earlier investiga- 
tions administration of NaCl caused an increased concentration of e.xtracellular 
electrolytes resulting in an increase in the volume of extracellular fluid at the 
expense of intracellular fluid. Administration of glucose resulted in dilution of 
the extracellular electrolytes which caused a shift of water into the intracellular 
compartment. In 1937 Eichelberger and Hastings demonstrated that when the 
acid-base balance is disturbed with a resulting acidosis, there is an increase in 
the volume of extracellular fluid of muscle. When there is a resulting alkalosis, 
there is an increase in both extracellular and intracellular fluid volumes. 

In 1939 Manery and Hastings suggested that it may not be possible to divide 
tissues into those which do take up thiocyanate ions and those which do not, 
but that several tissues may contain cells wliich take up varjdng small amounts. 
The amount of thiocimnate accepted by the intracellular phase of the tissues of 
rabbits studied in this investigation seemed to be insignificant. The direct 
proportionality between the percentage of available water lost or gained and the 
percentage of the total water lost or gained by the tissues indicates no discrep- 
ancy due to the passage of thiocyanate into the cells. 

Plasma water volume changed only slightly in all of the experiments. Since, 
however, the available water volume was altered during dehydration and hy- 
dration, these changes can be accounted for only by assuming a decrease and 
an increase of interstitial water volume. Such changes in interstitial water 
volume are indicated by the data in tables 1 to 4. Actual values maj’’ be ob- 
tained by subtracting plasma water volume from the available water volume. 
The mechanisms of circulation of blood make maintenance of normal volume 
of vascular fluid more imperative than maintenance of interstitial fluid volume. 
The volume of the interstitial compartment exhibits a wide range of adjusta- 
bility in defense of plasma volume. Available water may be considered as a 
single fluid Ij’mg in two compartments equipped with mechanisms, effective 
osmotic pressure of plasma proteins and hj'-drostatic pressure of blood in the 
capillaries, for producing movement between the interstitial and vascular com- 
partments. It is apparent from this investigation that tissues differ markedly 
in their content of available water and that some tissues participate more than 
do others in maintaining a normal and constant plasma volume. 

CONCLUSIONS 

Skin and muscle combined contained three fourths of the available water 
m normal rabbits. Plasma water volume was strikingly protected by the in- 
terstitial portion of available water under conditions of moderate and advanced 
dehydration and hj^dration. Skin was found to be the most flexible of the 
available water reservoirs. In moderate dehydration skin, muscle, liver, heart 
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ventricle muscle, and spleen lost water in proportion to their available water 
content. In advanced dehydration skin lost a greater fraction of its available 
water than did any other tissue. In hydration skin accepted almost half of 
the added water. Intracellular water volume was not affected by loss or gain 
of neutral isotonic fluid by the available Avater compartment. 
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Reflex jaw opening to noxious stimulation and reflex jaw closing accompany- 
ing swallowing were described by Sherrington (1917) as occurring in the de- 
cerebrate cat. In addition to these movements, the jaw of a decerebrate or 
lightly anesthetized animal exhibits a jerk reflex to striking the lower jaw. The 
evidence indicates that the jaw-jerk is a true stretch reflex, and it must therefore 
be initiated by proprioceptive stimuli. Many workers, from Johnston in 1909 
to Corbin in 1940, have suggested on morphological grounds that it is the 
mesencephalic root and nucleus of the trigeminal complex that receive the 
proprioceptive impulses from the muscles of mastication. This was verified 
by Corbin and Harrison (1940), who set up proprioceptive impulses by stretch 
of the masticator muscles and traced those impulses into the mesencephalic 
root \vith the aid of a cathode raj^ oscillograph. 

Since the findings listed above do not support the work of Bremer (1923) 
and Rioch and Lambert (1934), we have attempted to obtain more accurate 
information concerning the pathway followed by the jaw-jerk reflex. 

Methods. The experiments were carried out on 36 adult cats. In 17 ani- 
mals, small electrolytic lesions were placed in the mesencephalic root 2 to 23 
days before the final observations were made. The root was located using a 
Horsley-Clarke instrument and recording action potentials vath a cathode ray 
oscillograph. It was then possible to place a lesion in the root between the 
motor nucleus and the caudal part of the mesencephalic nucleus (fig. 1). With 
a 3 ma. direct current for 30 seconds the lesion was placed on the right side, 
the left root being retained as a control. At the time for final observation, 
each animal was decerebrated (under ether anesthesia) just rosti’al to the su- 
perior colliculus by the trephine method. Time was allowed for the develop- 
ment of decerebrate rigidity, and the jaw reflexes then were studied. Needle 
electrodes were placed in the masseter muscle for recording. The teeth and 
gums were stimulated faradically, and ndth blunt pressure or light sharp taps. 
The oral mucosa was stimulated faradicallj''. A procedure similar to the one 
outlined above was also carried out in 6 acute experiments. In other experi- 
ments, the mesencephalic, chief sensory and spinal nuclei and various peripheral 


1 This research was aided by a grant for equipment from The American Association for 
the Advancement of Science. 


A preliminary report of these experiments was made at the meeting of the American 
Plwsiological Society, Chicago, III., April, 1941. 
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branches of the fifth cranial nerve were stimulated with single and multiple 
pulses from a thyratron stimulator. In cases of central stimulation, orienta- 
tion was effected by the Horsley-Clarke instrument. In 3 of the experiments 



Fig. 1. Dorsal reconstruction of the mesencephalic and motor nuclei of the fifth cranial 
nerve and their roots. 



Fig. 2. Diagram of proprioceptive reflex arc of masticator muscles. 

measurements were made of the reflex time followng stimulation of the mesen- 
cephalic root. The brain of each animal was removed and the proper portions 
of the brain stem placed in a solution of alcohol, dioxan and toluidine blue for 
fixation and staining. Frozen sections were cut at 50 microns and studied 
microscopicallj’’ for location of electrode positions and sites of lesions. 
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Observations. It was found that a discrete lesion involving the caudal 
portion of the mesencephalic root of the fifth cranial nerve would abolish the 
jaw-jerk on the side of the lesion (figs. 3, 4 and 5) but had no effect on the other 



Mesenceplialic- nucleus nerve 
Mesencephalic roof nerve Y. 
Venlricle IV. 

Lesion 

Brachium conjundivum 
Deep hgmcnlal nucleus 

Cenhal relicular nucleus 
Brachium ponlis 
Corlicospina! had 


Y. 


Fig. 3. Section of brain stem of cat 10 through rostral part of pons showing complete 
destruction of mesencephalic root and nucleus in that region. The jaw-jerk was abolished 
in this animal. The plane of section for this figure and for figures 4 and 5 is at a 35° angle 
to the vertical plane of the Horslej’^-Clarke coordinate system. 



■Brachium conjuncHvum 

Mesencephalic roof of V. 

■Ventricle lY- 
lesion _ 

■Mofor nucleus of V. 

Main sensory nucleus of V. 
Brachium pontis 


■Corticospinal tract 


Fig. 4. Section of hrain stem of cat 10 somewhat caudal to figure 3, showing caudal 
extent of the lesion and freedom of the motor nucleus from damage. 


jau' reflexes such as jaw closing with reflex swallotving or jaw opening to noxious 
stimulation. The abolition of the jaw^jerk was unilateral and the reflex was 
normal on the side of the intact mesencephalic root. Due to the accurate 
localization afforded b 3 ^ the Horslej^-Clarke instrument, there was no damage 
to the motor nucleus, chief sensory nucleus or spinal nucleus of the fifth nerve. 
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This was verified by histological study of the cells of the nuclei and by the fact 
that jaw reflexes other than the stretch reflex were intact bilaterally. In cases 
where the lesion was placed more rostrally, so that the most caudal parts of 
the mesencephalic nucleus were spared, the jaw-jerk on the side of the lesion 
was present but was considerably less in magnitude than on the intact side. 
In a few experiments the lesion was placed caudall}'^ but spared either the more 
medial or the more lateral fibers of the mesencephalic root. In such cases the 
jaw-jerk was still present but attenuated. 

In decerebrated or lightly anesthetized animals, jaw movements other than 
the jaw-jerk can be elicited. Light taps on the teeth, especiall}’' on the canines, 
elicit jaw movements. In any one animal the type of movement was rather 
constant, but responses from several animals were about equally divided be- 
tween jaw opening and jaw closing. In sensitive preparations tapping the zy- 
goma or other bon}’^ prominence elicited jaw closure, but this response is likely 



Fig. 5. Section of brain stem of cat 16 showing complete destruction of caudal part of 
mesencephalic root and the intact motor nucleus. The jaw-jerk was abolished in this 
animal. 


of the type described by Sherrington (1898) as a “jar” reflex. Faradic stimula- 
tion of the gums, teeth, palate, oral mucosa and sometimes the surface of the 
tongue uniformly provoked jaw opening, and the response was unaffected by 
lesions in the mesencephalic root. Blunt pre.ssure on the teeth or anterior 
part of the hard palate elicited jaw opening. Stimulation of the cut central 
end of the superior alveolar nerves produced only jaw opening, even at very 
low intensities of stimulation. Stimulation of the spinal root and nucleus and 
chief sensoiy nucleus consistently occasioned jaw opening, usually by active 
contraction of the jaw opening muscles but sometimes simpb^ Iw inhibition of 
the masticator muscles. Stimulation of the various parts of the mesencephalic 
root at frequencies of one shock in 2 seconds to 1000 per second yielded onl}'^ 
jaw closure. At low frequencies each stimulus evoked a quick sharp closure 
with immediate relaxation and at higher frequencies there was tetanic fusion, 
but reversal was not seen. The response was strictlj'’ unilateral. 

l^flien the stimulating electrode was in the fifth cranial motor nucleus, the 
time from shock artifact to the beginning of the muscle action potential was 
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1.7 to 2.3 msec. j\4th most of the observations 2 msec, or less. Ir^Tien the stimu- 
lating electrode was in or near the mesencephalic root, the time of response 
varied with stimulus strength, position of the electrode and condition of the 
animal. The delay (stimulus artifact to muscle potential) ranged from 2.6 
msec, to 6 msec, in the various determinations. Upon moving the stimulating 
needle from the mesencephalic root to the motor nucleus the difference in time 
for the appearance of the muscle action potential was in one experiment 0.9 
msec. (2.6 in root, 1.7 in motor nucleus), in another experiment, 1 msec. 
(3 in root, 2 in motor nucleus) but in other determinations the time was as 
long as 3.8 msec. (5.6 in root, 1.8 in motor nucleus). In the experiment in 
which the time for appearance of the muscle action potential was 5.6 msec., 
two stimuli 3.7 msec, apart elicited a response 2.6 msec, after the second stimu- 
lus, a decrease of 3 msec, in response time. Sometimes a single shock, even 
when quite strong, would not evoke a response but two successive stimuli of 
less magnitude would elicit one. It was not often, however, that a single stim- 
ulus applied close to the mesencephalic root failed to bring about jaw closure. 

Discussion. The caudal portion of the mesencephalic root may be inter- 
rupted close to the motor nucleus vnthout damaging any other component of 
the fifth complex (fig. 1). As the nerve fibers leave the brain stem, the motor 
fibers are located ventromedially, the fibers going to the chief sensorj" nucleus 
are dorsolateral, and the mesencephalic root fibers are intermediate in position. 
It is not until a few millimeters from the brain stem that the mesencephalic 
root fibers are completelj" mixed vith the motor fibers. It follows, therefore, 
that proof of intactness of motor fibers following operations on the trigeminal 
nerve near the brain stem does not signify unimpairment of the mesencephalic 
root fibers. 

Two papers have presented evidence that the mesencephalic root is not in- 
volved in the jaw-jerk. Bremer (1923) described failure of the jaw-jerk to 
disappear when the brain stem was transected just caudal to the inferior col- 
liculus; Rioch and Lambert (1934) described abolition of the jaw-jerk by section 
of the sensor}'' root near the brain stem. Two explanations can be given for 
Bi’emer’s results. One is that Ijy a transection caudal to the inferior colliculus, 
the collaterals from the mesencephalic root to the motor nucleus, described b}* 
Cajal (1909), were not interrupted, and the collaterals ma}’’ well have carried 
on reflex activity for some hours. However, it may be that the level of transec- 
tion failed to inteirupt the connections between the caudal mesencephalic nu- 
cleus cells and the motor nucleus. It was found in the experiments reported 
heie that the most caudal portion of the mesencephalic nucleus was sufficient 
to maintain reflex jaw closing, though the response was decreased in comparison 
irith the normal side. 

Rioch and Lambert described a loss of the jerk reflex upon section of the 
sensory root and stated that the motor root was intact because it still responded 
to stmulation. It is unlikely that the sensory root could have been completely - 
severed without some damage to the mesencephalic root fibere lying between 
It and the motor root near the brain stem. Such damage would be undetected 
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by subsequent stimulation of the motor fibers. Furthermore, the fact that 
direct electrical stimulation of the motor root still evoked a response does not 
necessarily indicate that reflex activity over the same nerves would be present. 

In the present experiments the tip of the needle was placed at the desired 
part of the mesencephalic root with little other operative procedure than trephin- 
ing. A direct current permitted a transection of the root to be produced with 
slight or no damage to surrounding structures. The chronic experiments were 
designed to allow degeneration of collaterals to the motor nucleus and thus 
obviate one of the objections to earlier work. 

Data from other types of experiments, and those presented here indicate 
that the mesencephalic root of the fifth cranial nerve forms the afferent pathway 
for the jaw-jerk. This is supported by the fact that stimulation of the mesen- 
cephalic root with single shocks elicited a quick brief closure similar to the 
quick closure of the jaw-jerk whereas stimulation of no other sensory trigeminal 
nucleus gave such a response. On the other hand, stimulation of the spinal 
or chief sensory nuclei evoked only jaw opening. This latter observation, in 
addition to the others, makes untenable the statement of Rioch and Lambert 
that “The afferent path for the jaw-jerk in the decerebrate cat is through the 
Gasserian ganglion and the sensory root.” 

Pfaffmann (1939) recorded slowly adapting impulses traveling 24 to 60 meters 
per second in the superior alveolar nerve and indicated that the impulses arose 
in the periodontal membrane of the upper teeth. We have recorded similar 
impulses in the inferior alveolar nerve upon applying pressure to the lower 
anterior teeth of the same side. Corbin and Harrison (1940) recorded impulses 
in the mesencephalic nucleus due to blunt pressure over the homolateral upper 
teeth and palate; these impulses Avere presumably similar to ones recorded 
peripherally by Pfaffmann and were traveling over the fibers described by Corbin 
(1940) as passing from the region of the teeth to the mesencephalic root. Since 
blunt pressure over the teeth elicits jaw opening and since blunt pressure pro- 
vokes increased activit}’" in the mesencephalic root, an inhibitory function has 
been attributed to those fibers from the mesencephalic root to the teeth (Cor- 
bin, 1940; Corbin and Harrison, 1940). The failure to induce jaw opening b}’’ 
stimulation of the mesencephalic root in the experiments reported here may be 
ascribed to the predominance of jaw closing afferents in the root from the mas- 
ticator muscles and to the more limited distribution in the root of fibers from 
the teeth (Corbin, 1940). Subjectively, the force of the bite ma}^ be inhibited 
bj’’ a sensation of unusual pressure on the teeth or by painful sensations from 
oral structures. The rhythmic inhibition by pressure developed during chewing 
(Sherrington, 1917) is a someAvhat different mechanism from the complete cessa- 
tion of chevdng due to painful sensation from oral structures. 

In the description b 3 ’- Sherrington (1898) of reflexes elicited bj^ percussion, 
it was pointed out that a tap may set up afferent impulses at a distance from 
the point of impact simplj’- by a transmitted jarring of distant bony parts. 
This must be the explanation of the presence of the jaw-jerk upon tapping the 
zygoma or, as was noted by Rioch and Lambert, by tapping the skull. 



CENTRAL PATHWAY FOR THE JAW-JERK 


445 


The iBcrease in time for response of the masticator muscles upon shifting 
the stimulating electrode from motor nucleus to mesencephalic root was ap- 
proximately 1 msec, but was 3.8 msec, in one experiment. The shorter time 
indicates one synapse between mesencephalic root and motor root but the longer 
times suggest the presence of interneurones (Renshaw, 1940). Since many re- 
sponses allowed time for only one synapse, it is evident that the collaterals 
from the mesencephalic root to the motor nucleus, which were described by 
Cajal (1909), May and Horsley (1910), Weinberg (1928) and others, can fire 
the motoneurones directly without the interpolation of interneurones (fig. 2). 
Johnston (1909) pointed out that the anatomical arrangement of the root and 
its collaterals to the motor nucleus would permit such a direct reflex. It is 
this pathway that may remain functional for a short time after lesions are 
placed rostral to the origin of the collaterals. 

SUMMARY 

Lesions in the mesencephalic root of the fifth cranial nerve which transect 
the root just rostral to the motor nucleus abolish the jaw-jerk on the side of 
the lesion. Lesions which partiall}'' destro5'^ the caudal portion of the root de- 
press the jaw-jerk. 

Electrical stimuli applied to the mesencephalic root cause a contraction of 
the masticator muscles on the same side. A single stimulus produces a single 
contraction of the homolateral muscles; the motor impulses appear after a 
synaptic delay of about one millisecond. 

Electrical stimuli applied to the chief sensory nucleus or spinal root and nu- 
cleus of the fifth cranial nerve usually elicit active jaw opening. 

The authors wish to express their appreciation to Mr. Kurt Elias w'ho very 
kindly helped with the illustrations for this paper. 
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Inhibition of the heart of Limulus by interrupted currents of sufficient 
strength was described by Carlson (1). In this species, rhythmicity and auto- 
maticity are properties of the ganglionated cord and inhibition was produced 
by direct faradization of the ganglion. 

Erlanger (2) demonstrated a similar inhibition by direct stimulation of 
strips of vertebrate heart and developed a theory of inhibition from this finding. 

Relationships of frequencj’^ and intensity of stimuli to excitation and inhibi- 
tion of the cardiac ganglion of Limulus were investigated by Garrey and ICnowl- 
ton (3). The relative simplicity of the arrangement in the heart of Limulus 
made it possible to localize the effects in the cells of the ganglion and rule out 
effects on muscle and neuro-muscular junctions. The possibility that a humoral 
mechanism was involved was recognized but seemed difficult to harmonize 
with the shift of reversal point with change of temperature. 

It seemed of interest to investigate the matter further using the vertebrate 
heart preparation since the intimate relation of a humoral mechanism to vagus 
inhibition in this tissue has been so well established b}’’ the work of Loevd and 
his co-workers (4). As the results of the present investigation differed, depend- 
ing on whether auricular or ventricular tissue was employed, they are described 
separate^. 

Experimental. Auricular tissue. The auricles were removed from the 
turtle heart and their contractions recorded on a kymograph in the usual man- 
ner. Sinus tissue was usually included and served as pacemaker of the prepa- 
ration. Suspension arrangement was such that the tissue could be immersed 
in test solutions as desired. Break shocks of selected frequencj’’, supplied by a 
variable speed motor-driven stimulator, were applied by means of non-polariz- 
able vdck electrodes. In some experiments, condenser discharges from a 
Campbell (5) stimulator were emplo 3 '^ed with identical results. Frequencies 
up to about 50 per second were employed. Effects of higher frequencies were 
not investigated. Beginning ivith slower rates, results of increasing the fre- 
quency and of variation in intensity were recorded. 

The initial effects obseiwed were found to varj’' with the strength of the break 
shocks emploj’^ed. Stimuli which were just subliminal if single, when applied 

* Aided in part by a grant from the Hendricks Research Fund of Syracuse University. 
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INHIBITION BY DIRECT STIMULATION OF TURTLE HEART 

repetitively caused a diminished amplitude Muthout any change in rate and 
this diminished amplitude may progress to complete inhibition vuthout pre- 
liminary excitation as in figure 1, A and B. Under these conditions inhibition 
appears to be the primary and sole effect of the applied currents. With break 
shocks of greater intensity, the initial effects ivere those commonly observed 
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Fig. 1. Record from the double auricle preparation. Upper signal indicates time and 
rate of stimulation. Lower signal indicates time in seconds. 

A. Inhibition of amplitude without change of rate. Stimulation frequency = 6 per sec. 
B. Same preparation. Complete inhibition with increase of intensiti'^. C. Four successive 
increases in frequency of stimulation. Intensity greater than in A. Frequencies = 1 per 
2 sec.; 1 per sec.; 2 per sec.; 3 per sec. Kymograph speed was quickened momentaril}' to 
register frequency of stimulation. D. Effects of stimulation rates of 1 per sec. and 6 per 
sec. Intensitj' as in C. E. Well marked supernormal phase of recoverj' after 2^ min, 
inhibition. 

in cardiac tissues. At stimulator frequencies lower than that at which the 
tissue was contracting, extra s 3 '’stoles appeared. At increased frequeiicj^, the 
am ides folloued the new rh^’^thm. Next, blocking appeared and everj’' second 
or third^ shock was effective. With still greater frequency, a few irregular 
conti actions were followed bt’’ complete inhibition. These changes are seen in 
figure 1, C, D, E. 
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Within a certain frequency-intensity range, complete inhibition followed 
either increased frequencj’" without intensity change or increased intensity AAuth 
unchanged frequency. 

It seems possible to continue this inhibition for an indefinite period. This 
point was not investigated specifically but inhibition Avas maintained for periods 
of fiAm minutes to be folloAA^ed bj'- the usual recoA’-eiy on cessation of the stimula- 
tion. Recover}'- from inhibition aa'rs ahA'ays gradual, the effect disappearing 
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Fig. 2. A and B. Atropinized double auricle preparation. Stimulation at different 
frequencies and intensities. Upper signal indicates stimulation. Lower signal = time. 
A = sec. B = 5 min. C, D and E. Records from ventricle stimulated at similar fre- 
quencies and intensities. Time = 5 min. 

sloAAdy to be folloAA'ed in most instances by a supernormal phase of increased 
amplitude of contraction. RecoAmry and supernormal phases are illustrated 
in figure 1 , C, D and E. 

If the aboA'e described inhibition produced bj'- direct repetitRe stimulation 
inA'oh'es a humoral mechanism similar to that of the vagus, Atith liberation of 
acetylcholine, it AA'as reasoned that atropine should diminish or abolish the in- 
hibition and eserine should potentiate the effect. To test these possibilities 
the auricular preparation Avas thoroughly atropinized bj' immersion in an 
atropine sulphate-Ringer solution or by injection of atropine sulphate into the 
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turtle a short time before removal of the auricle. Folloinug this procedure, 
repetitive stimulation no longer caused inhibition. The auricles responded 
to lower rates and intensities by acceleration. With faster rhythms there was 
partial blocking often with irregular contractions as different fibers recmmred’at 
different rates. Strong intensities usualty precipitated a state of fibrillation. 
On cessation of the stimulation, the original intensity and rhythm were re- 
sumed after a brief compensatory pause, figure 2, A, B and C.^ 

In contrast to atropine, eserine was found to reinforce inhibition, u hen 
repetitive stimuli were applied after immersion in an eserine sulphate-Ringer 



Fig. 3. Double auricle preparation. A = inhibition before eserine. B = effect of eserine 
on inhibition and recovery. Time = i min. C and D. Comparative effect of 1-1,000,000 
acetylcholine chloride before and after eserine. Time = 5 sec. 


solution, lower intensities and frequencies were effective and inhibition was 
prolonged. After thorough eserinization with a 1-1000 eserine sulphate solu- 
tion, recovery from subsequent inhibition was never complete. After a length- 
ened period of inactivitjq feeble contractions were resumed but never reached 
former amplitude or frequency, figure 3, A and B. After immersion in 1-500 
eserine sulphate solution, there was usuallj'' no recovery from subsequent 
inhibition. These effects of eserine could be prevented or abolished atro- 
pmization. In addition, it was possible to show that the inhibitory effects 
under im-estigation could be quite closely paralleled by brief immersion in solu- 
tions of acetylcholine of appropriate strength, figure 3, C and D. 

Vcnlricular tissue. The series of experiments with auricular preparations were 
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repeated using the turtle’s ventricle. In no case could inhibitoiy effects be 
produced direct stimulation applied either to the whole ventricle or to strips 
of ventricular tissue. 

Like the atropinized auricle, the ventricle followed lower frequencies and 
intensities and passed into a state of fibrillation with higher intensities. Eserine 
had no potentiating influence to cause subsequent inhibition. Further, direct 
application of, or immersion in acetylcholine in anj'^ concentration which maj'^ 
be termed physiological, was without effect. This is complete conflrmatioh of 
the finding of Garre}'- and Chastain (6) that acetylcholine and related substances 
have no inhibitory action on the turtle’s ventricle and supports the view that 
the turtle ventricle possesses no mechanism for its direct inhibition. Effects of 
■\'entricular stimulation are shown in figure 2, D, E and F. 

Discussion. Reversal of the character of the response, i.e., change from 
excitation to inhibition, vdth change in the character of the stimulation or change 
in the physiological state, has been observed in many tissues. Probably entirely 
different mechanisms are involved in different cases. Selective excitability of 
different nerve fibers may explain some reversals as in peripheral vasomotor 
changes. Such a reversal from vasoconstriction to vasodilatation was described 
by Ostroumoff (7) and later confirmed by Bowditch and Warren (8). A Weden- 
sky effect (9) may be the basis of some reversals. Humoral mechanisms may 
be involved in other cases. Pharmacological evidence presented above including 
abolition of inhibition by atropine, its reinforcement and prolongation by eserine 
and its resemblance to effects of direct application of acetylcholine strongly 
support the conclusion that the inhibition produced by repetitive stimulation 
is humoral in character. Acetylcholine is released in a manner similar to that 
associated vdth vagus stimulation and most likely from the same source. In- 
hibition from a single induction shock or condenser discharge was never observed. 
If of sufficient strength to cause any effect, it was always excitation. 

When applied repetitively, the electrical stimuli may cause the release of 
acetylcholine in progressively larger amounts and a concentration sufficient to 
inhibit is rapidly reached. Irritability is so depressed that normal rhythm is 
suppressed and direct excitation becomes ineffective. As the acetylcholine is 
destroyed the tissue slowly recovere. This recovery is delaj’-ed or prevented 
by eserine. By proper intensity-frequency relationship, it is possible to get 
inhibition vdthout the usual preliminary excitation. The above inhibitory 
effects cannot be produced in turtle ventricular tissue which, as has been noted, 
is not sensitive to acetylcholine and is without vagus endings. 

In a number of respects the inhibition under investigation resembles that 
produced bj^ direct stimulation of the ganglionated nerve-cord of the heart of 
Limulus, yet one is not justified in concluding that the mechanism involved is 
necessarily the same. In experiments on the neurogenic heart of Limulus pre- 
viously cited, stimuli were applied directty to the ganglion and the ganglion 
cells were directly inhibited. The cardiac muscle cells were not directly de- 
pressed, indeed their irritability tested by direct stimulation was found to be 
augmented. Further, according to Carlson, atropine was vdthout effect on 
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this inhibition. On the other hand, in the turtle’s auricles, applied current may- 
act on ganglion cells, sympathetic and vagus nerve terminals, and on muscle. 
Ultimately the muscle cells are inhibited. 

SUMMARY 

The change from excitation to inhibition as a result of repetitive application 
of electrical stimuli to the auricular muscle of the turtle and the effective fre- 
quency-intensity relationships have been investigated. 

Inhibition is prevented by atropine and reinforced and prolonged by eserine. 
The inhibition and subsequent recovery are similar to that follo-udng vagus 
excitation or immersion in acetylcholine solution. 

Above facts are presented as evidence that the repetitive stimulation probably 
affects vagus terminals selectively and causes liberation of acetylcholine in 
quantity sufficient to play an essential role in lo-\vering excitability and abolishing 
contractility. 

The ventricle muscle -which is not inhibited by acetylcholine and which prob- 
ably receives no vagus fibers does not show this type of inhibition. 
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The investigations of Asher and Flack (1910) led them to conclude that thy- 
roid secretion sensitizes sympathetic nerve endings to adrenaline as applied to 
circulatory responses. Oswald (1915) used iodothyroglobulin in similar experi- 
ments and reached the same conclusion. FolloMng Kendall’s isolation of 
thyroxine, Levy (1916) also found this agent able to produce an increased pressor 
response to adrenaline. Savyer and Brown (1935) tested the influence of 
thyroxine on the denervated heart and showed that it sensitizes that organ to 
adrenaline. These studies on cardiac muscle and the responsive elements in the 
vascular system raise the question whether other structures activated by adren- 
aline maj’’ be sensitized to that agent by thyroxine. In the present study the 
nictitating membrane was used toward obtaining an answer to that question. 

Methods. Cats were used, under nembutal anesthesia (Abbott, 0.7 cc. per 
kgm.). Records were taken repeatedly from "the same animal, usually at 2-day 
intervals. The head was fixed in a Czermak head holder. The contractions of 
the nictitating membrane were recorded isotonically on a kjonograph. The 
head holder, the lever and the writing point were left strictly in place throughout 
a series of tests. Care was taken to set the cat’s head in the same position and to 
attach the lever (by means of a serrefine) at the same point on the membrane, 
and to the same degree, in successive recordings. In some animals, the sensi- 
tivity was tested by means of adrenalin (Parke, Davis). Doses of 0.025 to 
0.400 mgm., made up fresh in 1.0 cc. of normal saline, were injected into the 
unexposed saphenous vein. Each injection lasted 10 seconds. In other ani- 
mals, repetitive shocks were applied to the cervical sympathetic from the second- 
aiy of a Harvard induction coil. In addition, the cervical sympathetics of 
another group of animals were stimulated by short rectangular pulses from a 
multivibrator at frequencies of 1, 3, 7, 10 and 15 per second. 

Control responses of the nictitating membrane to adrenaline or to sympathetic 
stimulation were recorded on two separate days. Then thyroxine (Thyroxin 
Fraction, Squibb) was administered in doses of 6, 10, 20, 30 or 40 mgm. There- 
after the responses to adrenaline or nerve stimulation were again recorded at 
various intervals from 2 days to 4 weeks. 

Isometric records were obtained with 5 animals and used to check against the 
isotonic records. The nictitating membrane was connected b}’" means of a 

^ Fellow of the Rockefeller Foundation. 
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serrefine and thread to a torsion spring on which was soldered a small mirror. 
A beam of light was directed to the mirror so that the reflected beam fell on the 
zero point of a centimeter scale 2 metem awaj'’. Contractions of the nictitating 
membrane following injection of adrenaline or stimulation of the cervical sj^mpa- 
thetic were then recorded as deflections of the reflected beam along the scale. 

Pituitary th 5 U’otropic hormone (Antuitrin T, Parke, Davis) was injected into 
normal animals in order to test the ability of natural thyroid secretion to sensi- 
tize the nictitating membrane. The doses of Antuitrin T used were 0.1, 0.2, 
0.3, 0.6 and 1.0 cc. Here again control responses were recorded before the 
administration of the hormone. Thyroidectomized animals, subjected to the 
same procedures, served as controls for any action that Antuitrin T might have 
independent of its thyrotropic effect. 



Fig. 1. Increase of response ol the nictitating membrane to adrenaline after th3'roxine. 
Records of isotonic contractions produced by intravenous injections, at the upper signals, 
of the following doses of adrenaline: 12, 12, 16 and I67. Time in 1-min. intervals. A, con- 
trol, before thyroxine. B, 6 days after administration of 20 mgm. thyro.vine. C, 10 daj'S 
after thjwoxine. D, 20 days after thj'^roxine. 

Results. A. Sensitization to adrenaline. Small doses of thyroxine (up to 
6.0 mgm.) had no significant effect on the responses of the nictitating membrane 
to adrenaline or nerve stimulation. 

In 11 animals, doses of 10 to 20 mgm. caused an increased amplitude of con- 
traction of the membrane after adrenaline. With 10 mgm., this increase was 
evident by the 48th hour, reached its peak on the 3rd day and fell to control 
levels within 14 days. The percentile increases at the peak ranged from 69 to 
110 per cent. Doses of thyroxine of 20 mgm. resulted in an earlier increase of 
the responses to adrenaline, i.e., by the 20th hour. The peak of the effect, from 
100 to 160 per cent increase, occurred on the 6th to 9th day and the subsidence 
to control levels on the 21st to 25th day. 

The effect of a 20 mgm. dose of thyroxine is illustrated in figure 1. These 
results are typical of the control responses and those 6, 10, and 20 days after 
thju-oxine. All responses Avere considered as having returned to normal when 
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mthin 1 to 2 mm. of the controls. This standard deviation was selected on the 
basis of 20 measured Amriations in controls. 

That the action of th3u-oxine in producing an increased sensitivity of the 
membrane is not dependent on a tonic discharge via the cervical s^'^mpathetic 
was shown as follows. The nictitating membranes were denervated in 3 animals 
and then tested for the maximum increased sensitivity due to denervation, be- 
tween the 15th and 17th da}'’ thereafter (Hampel, 1935). Administration of 
thju’oxine to these animals produced an increased reaction to all doses of adren- 
aline bejmnd the maximal responses due to denervation. 

The sensitizing effects following administration of 30 to 40 mgm. of th3U-oxine 
to 6 animals were less striking than vnth 20 mgm. The peak of the effect took 



Fig. 2. Time course of the sensitizing action of thyroxine on the response to adrenaline. 
Ordinates: responses in millimeters. Abscissae: days after administration of thyroxine. 
A, results following 10 mgm. dose of thyroxine. B, effect of 20 mgm. dose of thyroxine. 
Upper curve: 40^ of adrenaline. Middle curve: 2 O 7 of adrenaline. Lower curve: I 27 of 
adrenaline. 

place about the 4th da}^ after administration and the increase was from 14 to 56 
per cent. The animals to which these large doses were given usuall}’’ died after 
4 to 6 da3’^s. 

In figure 1, as prex-iousl}" noted, are shown typical increments of the responses 
to two standard doses of adrenaline (12 and I67) after a single administration of 
th3’roxine (20 mgm.). Characteristic effects of 10 and 20 mgm. of th3’’roxine are 
plotted graphicalty in figure 2. Although the absolute increase of response was 
greater for larger than for smaller doses of adrenaline, the percentile increment 
in the earh^ stages after the administration of th3woxine was approximate!}'’ the 
same for the three doses of adrenaline illustrated. 

Figure 3B presents in more detail the degree of sensitization for sc’^'cral doses 
of adrenaline obtained in an animal 6 da5'’S after 20 mgm. of th3woxine had been 
injected. The lower curve shoAvs the amplitude of the control responses to 
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different doses of adrenaline before thyroxine was given, the upper curve (dots), 
the responses after thyroxine. That the percentile increase is approximatdy 
the same throughout the range of doses of adrenaline employed is shown by t e 
circles. These points correspond to the responses of the lower curve multiplied 




Fig. 3. Differences between the sensitization produced by thyroxine (20 mgm., A and B) 
and that produced by either cocaine (1 mgm. per kgm., C) or section of the cervical sympa- 
thetic (15 days, D). A illustrates the sensitization of the responses to stimulation of the 
cervical sympathetic at various frequencies; B,C and D, that of the responses to various 
doses of adrenaline. Ordinates; amplitude (in mm.) of the contractions in the records. 
Abscissae; in A, frequencies of shocks per second; in B, C and D, doses (y) of adrenaline. 
The lower curves are the normal controls. The upper curves (dots) indicate the sensitized 
responses. The circles were obtained by multiplying the ordinates of the normal responses 
in A by the factor 1.43, and in B by the factor 1.60. In C and D the abscissae of the normal 
responses were multiplied by the factor 0.5 to obtain the circles. 

by the constant factor 1.60, i.e., the responses to all the doses of adrenaline were 
approximately 160 per cent greater after thyroxine than before. 

This constant ratio of sensitized response to normal response after thyroxine 
is in striking contrast to the results of sensitization produced by other methods 
e.g., by injections of cocaine and by denervation. In figure 3C are shown re- 
sponses of the membrane to different doses of adrenaline before (lower curve) 
and after (upper curve, dots) injection of cocaine (1 mgm. per kgm.) ; and in 
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figure 3D the influence of severance of the cervical sympathetic (preganglionic 
denervation) 15 da.ys before the records of the upper curve were made. 
Although the responses to small doses of adrenaline were clearlj'- increased by 
these two procedures, those to large doses were practicallj'^ unaffected. In 
order to fit the control responses to the curve obtained after sensitization it is 
necessaiy to change the scale of the doses of adrenaline, instead of changing the 
scsjle of the response, as was done for the thyroxine effect. The circles in figure 
3, C and D were obtained by multipljdng the abscissae of the normal points by 
the factor 0.5. The adequate fit obtained after this change of the scale of doses 


A B 



Fig. 4. Increase of the isotonic responses of the nictitating membrane to cervical sympa 
thetic stimulation at frequencies of 1, 3, 7, 10 and 15 per sec. A, control, before thyroxine 
B, 6 days after administration of 20 mgm. thyroxine. 

indicates that anj^ given response was obtained after cocaine or decentralization 
■\\fith one-half the dose necessarj'^ in the normal animal. 

. In all instances the isometric records checked favorably with those obtained 
isotonically. 

B. Sensitization to stimulation of the cervical sympathetic. In 7 cats th 3 n’Oxine 
sensitized the responses of the nictitating membrane to stimulation of the cervical 
sympathetic, much as it sensitized the responses to adrenaline. Indeed, a 
, striking parallelism between the two effects was observed (fig. 3, A and B). 
TterflPtimum dose of thju’oxine was the same. The time course of the phenom- 
enoijf.,^vas similar. The degree of sensitization obtained a given day’- after a given 
dpsfi.Qf.tlwroxine was also similar for the two excitatoiy agents. 

. : In^Jfigure 4 are presented typical contractions of the nictitating membrane 
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from stimulation of the cervical sympathetic before and after thyroxine. In 
4A are the normal records from stimulation frequencies of 1, 3, 7, 10 and 15 per 
second; in 4B, the records on the 6th day after thyroxine (20 mgm.) from the 
same frequencies and the same intensity of stimulation as in the controls. 

C. SeTisiiizing action of 'pituitary thyrotropic hormone. Subcutaneous injec- 
tions of the thyrotropic hormone had marked sensitizing action in the 3 normal 
animals tested. A dose of 0.3 cc. caused a 33 per cent increase of .response to 
adrenaline by the 25th hour. A peak of 39 per cent occurred on the 6th day, 
and a return to normal -within 18 days. Doses of 1.0 cc. -were follo-wed by as 
much as 85 per cent increase in response at the end of 1 hour, but the animals 
usually died -within the next 30 minutes. 

As opposed to the results obtained in normal cats, in the 3 th 5 uoidectomized 
animals studied there was no increase of the contraction of the membrane after 
the use of the thyrotropic hormone. These negative results were obtained in 
tests from 2 to 14 days after thyroidectomy. 

Discussion. From the above results it is apparent that the sensitizing 
action of thyroxine on the nictitating membrane is not prompt but delayed. 
This delay is shovm in figure 2. In addition, figure 2 indicates that the action 
of 10 mgm'. of the hormone reaches its peak earlier than that of 20 mgrn. and 
that the duration of the effect is much shorter -ufith the smaller dose, i.e., complete 
subsidence in 2 weeks as compared with 3 weeks or more. 

The effect of thyroxine on the basal metabolic rate (Kunde, 1927) and that 
on the blood pressure (Krayer and Sato, 1928) is also delaj’-ed. In the experi- 
ments of Kunde, thyroxine in 10 or 20 mgm. doses caused no elevation of the 
basal metabolic rate -\nthin 7 to 12 hours after it was given. On the second day, 
however, a maximum of from 13 to 22 per cent increase was attained which 
declined to normal in 3 to 6 days. The initial delay is not due to the time 
required for absorption from the alimentary tract because it also occurs after 
intravenous administration of thyroxine. Thus the time course for the effects 
of thyroxine on the basal metabolic rate is different from that for its action on the 
nictitating membrane. 

The increased response of the sensitized nictitating membrane over the control 
is not necessarily dependent on the dose of thyroxine. This is illustrated by 
figure 2 in which the maximal contractions at the peak with both 10 and 20 mgm. 
are about the same. However, the peak effects after 20 mgm. appear later than 
do those after 10 mgm. In addition, -n^hen the correct intervals after thyroxine 
are chosen the percentile increases due to 10 or 20 mgm. may be equivalent. 
Therefore, the factors which determine the response appear to be the state of 
the tissues and the time interval after the thyroxine is given. 

Seveiance of the nerve supply to the nictitating membrane (jDreganglionic 
denen^ation) was found to increase the contraction of the membrane to small 
doses of adrenaline, but the effect with large doses -was relativelj' negligible 
(fig. 3D). ^ But these decentralized membranes responded to thyroxine like those 
normally innen’-ated, i.e., after thyroxine the responses resembled those illus- 
trated m figure 3B with an increase to all doses of adrenaline.. Here is an in- 
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stance of a combination of two different tj’^pes of sensitization, the first due to 
denervation and the second due to thyroxine. 

Not only does thyroxine increase the effects of adrenaline on the nictitating 
membrane but also those of nerve stimulation. With all frequencies tested the 
responses were increased (figs. 3 A and 4). The degree of increase was inde- 
pendent of the frequency used, if the intensit 3 ’' of stimulation remained the same. 

The pituitaiy thja’otropic hormone causes thyroid secretion and therebj'’ is 
effective in augmenting the response of the nictitating membrane to adrenaline. 
Since negative results were obtained with thyroidectomized animals injected 
with the same substance, it can be inferred that Antuitrin “T” has no direct 
sensitizing action on the membrane. 

The term “sensitization” has usuallj'' been defined as a decrease of the dose 
of a substance required to produce a given response. The sensitization caused 
bj’’ cocaine (Rosenblueth, 1932) or denervation (Cannon and Rosenblueth, 
1936) has been attributed to a greater cell permeabilit}’" or to a slower rate of 
destruction of adrenaline. Both hj’’potheses are compatible with the data 
(fig. 3, C and D). The effects of these two sensitizing procedures agree vdth 
the definition of sensitization mentioned above. Since the maximal contrac- 
tions of the nictitating membrane are not augmented bj'^ these types of sensitiza- 
tion, there is no reason to assume that the contractile system of the smooth 
muscle in the organ has been modified. 

Sensitization bj’’ tfiju-oxine (fig. 3, A and B), on the other hand, is different 
from that resulting from cocaine or denervation (fig. 3, C and D). A greater 
contraction is apparent for all doses of adrenaline and for all degrees of stimula- 
tion of the sjmipathetic suppl 3 ^ These results are better summarized 1)3’’ the 
statement that the contractile ability of the muscle has been increased rather 
than b 3 ^ the statement that a weaker stimulation develops a given contraction. 
It ma 3 ’- be concluded that, unlike cocaine or denervation, th 3 '-roxine augments 
the efficacy of the contractile mechanism rather than rendering the nictitating 
membrane more sensitive. 

No data are available as to whether th 3 woxine produces h 3 '’pertroph 3 ’- of smooth 
muscle, which might account for the increased responses seen. It is interesting, 
however, to note that th 3 ’TOxine causes h 3 '^pertroph 3 '- of cardiac muscle (Dock 
and Lewis, 1932). 


SUMMARY 

The responses of the nictitating membrane of the cat to injections of adrenal- 
ine (figs. 1 and 2) and to stimulation of the cervical S 3 ^mpathetic (figs. 3A and 4) 
are reversibb^ increased for some da 3 ’^s after an injection of th 3 ’-roxine (10 to 
20 mgm.). 

The effect is not immediate; it appears vathin 20 to 48 hours after the ad- 
ministration; it reaches its peak in 3 to 9 da 3 '^s, and subsides in 14 to 25 da 3 "S, 
dependent on the dose given (fig. 2). 

The sensitization of response produced b 3 ’' th 3 ’-roxine differs from that elicited 
b 3 ^ injection of cocaine or b 3 ^ denervmtion (fig. 3, C and D). The inference is 
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dra^vn that, unlike cocaine or denervation, thyroxine increases the contractility 
of the membrane (p. 455). 

Injections of pituitarj’' thyrotropic hormone cause an increase of the responses 
of the membrane in normal animals. They have no effect in thyroidectomized 
animals. It is concluded that this hormone has no direct effect on the mem- 
brane, but causes sensitization b}’’ the release of thyroid secretion. 

I wish to express my thanks to Dr. W. B. Cannon for suggesting this problem, 
and to Dr. A. Rosenblueth and Dr. G. H. Acheson for their assistance and 
helpful advice. 
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At present, the role of the adrenal cortex in the metabolism of fat remains 
obscure. Although the ketosis following anterior pituitary extract is diminished 
in the absence of the adrenal glands, the failure of adrenalectomj'^ to abolish the 
response indicates that pituitary ketogenesis is not exclusively mediated through 
the adrenal cortex (1). The low order of response in adrenalectomized animals 
suggests, however, that there is either a partial mediation through the adrenal 
cortex, or a sjmergism involving cortical hormone. If a partial mediation were 
responsible one would expect adrenal cortical hormones themselves to be keto- 
genic under the same experimental circumstances in which anterior pituitary 
extract is effective. 

The failure of Grollman to produce ketonuria in the rat vith a purified adrenal 
cortical preparation (2) is inconclusive inasmuch as the rat has a high urinary 
threshold for acetone bodies (3). MacKay and Barnes’ positive results (4) 
were obtained vdth commercial cortical extract which in itself contains ketone 
substances capable of producing ketonuria. In the present experiments, cortical 
preparations were tested by methods which were designed to avoid these two 
criticisms. 

IN'Iethods. Thirty-five male rats of either Sprague Dawley or Yale strain 
weighing between 120 and 150 grams were used for assay. A group of seven 
served as controls, wliile five other groups were injected vith Wilson’s cortical 
extract, crystalline corticosterone, desoxj’^corticosterone, 11 dehydro- 17 hydroxy 
corticosterone (compound E of Kendall), and crude anterior pituitary extract. 
The corticosterone and desox^’^corticosterone were administered in the form of a 
fine suspension in 0.9 per cent saline, while compound E was given as a solution 
in approximateh^ 0.8 cc. of 10 per cent alcohol. There is no reason to suppose 
that the alcohol which was present in the solution would infiuence ketosis inas- 
much as 1.0 cc. doses of 10 per cent alcohol injected into four rats under similar 
test conditions were vdthout effect. 

The rats were first placed on a fast which was of 18 hours’ duration in the case 
of those receiving compound E, and 48 hours in the remaining animals. A 
sample of tail blood (0.2 tic.) was taken for analysis, one of the preparations in- 
jected, and 4 hours later a second sample of blood was removed. The blood 
samples were analyzed for total or fractional acetone body content by the micro 

460 



EFFECT OF ADRENAL CORTICAL COMPOUNDS ON KETOSIS 


461 


blood acetone method previously described (3). The acetone and acetic acid, 
and beta-hydroxybutyric acid fractions were determined separately in the case 
of the groups receiving crude cortical extract and anterior pituitary extract. 
The pituitary extract was prepared by the method of Burn and Ling (5). 

In order to demonstrate the effect of crude cortical extract on the urinary ex- 
cretion of ketone substances, three fed rats were injected vdth Wilson's extract. 
Total blood ketones were determined before injection, and again four hours 
afterward, and the urinary output of these substances during the succeeding 24 
hours was determined by the method of Van Slyke (6). The ketone content of 
the cortical extract was quantitated by the same micro method which was used 
for the blood analysis. 

Results. The failure of adrenal cortical preparations to produce a ketogenic 
response is quite apparent from the data presented in table 1. Corticosterone, 
desoxycorticosterone, and compound E were entirely vdthout significant in- 
fluence on the blood acetone body level. The five animals injected with crude 
cortical extract likewise did not show a response which could be attributed to a 
stimulating effect of the extract. The rise in acetone bodies in these animals 
was confined to the fraction made up of aceto-acetic acid and acetone and was 
undoubtedly due to the effect of volatile ketones present in the extract. Lot 
47 contained 13 mgm. per cc., and lot 768 0.3 mgm. per cc. of volatile ketones. 
The difference in ketone content of these two preparations is reflected in the 
difference in blood ketone concentration after their injection. The absence of 
a rise in beta-hydroxybutyric acid contrasts sharply with the pronounced in- 
crease in this fraction in the group receiving a true ketogenic stimulus in the 
form of a small dose of anterior pituitary extract. 

The anomalous ketonuria which is produced by crude cortical extract is 
revealed by the data presented in table 2. The marked rise in total blood 
ketones is in itself incongruous inasmuch as a ketonemia of this degree cannot 
be obtained in the fed rat even uith large doses of potent anterior pituitary 
extract. The ketonuria likewise is distinctly greater than can be produced in 
fed rats, and here again there are indications that it is not a genuine physiological 
response, since in the first place the blood acetone concentration did not rise to 
threshold levels (3), and, moreover, the preformed ketone content is seen to 
make up from 93 per cent to 97 per cent of the total urinary acetone bodies. In 
physiological ketosis, this fraction comprises only 20 to 30 per cent of the total. 

Discussion. A clue to the identity of the ketones present in commercial 
cortical extract is offered by Kendall who obtained volatile compounds containing 
the carbonyl group from cortical extracts wKen acetone was used for the extrac- 
tion of the glands. A large part of the volatile material was found to be mesitvl 
oxide (7). 

Previous work has showm that in the absence of the adrenal cortex an impair- 
rnent in ketosis is manifested not only by a lowered sensitivity to anterior 
pituitary extract (1), but also by a diminished response during exposure to low 
oxygen tension (8), and after phloridzinization (9). In the light of the present 
experiment, it is probable that the above decreased responses are attributable to 
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TABLE 1 


The effect of adrenal cortical compounds and anterior pituitary extract on blood acetone bodies 


PKEPARATTON 

DOSE 

RISE IN 
TOTAL 
ACETONE 
BODIES 

j PREPARATION 

DOSE 

RISE IN 
ACETO- 
ACETIC 
+ 

ACETONE 

RISE IN 
BETA 
HYDROXY 

RISE IN 
TOTAL 
ACETONE 

BODIES 


mgm. 

mgm. 
per ccni 



vigm. 
per cent 

mgm. 
per cent 

mgm. 
per cent 

Uninjected 


4-0.3 

Compound E 

2.6 mgm. i.p. 



-1.2 

controls 


-t-0.1 

(11 dehydro- 




4-0.3 



4-0.2 

17 hydroxy- 




-fl.5 



0.0 

corticos- 




4-0.9 



4-0.8 

terone) 




4-0.3 



4-2.1 





-2.8 



4-0.7 





-0.6 








-0.8 

Average 

4-0.6 





-0.3 

Corticosterone i 

3 S.C.* 

mm 

Cortical ex- 

3.0 cc. s.c.J 

4-7.1 

■B 



3 s.c. 


tract (Wil- 

3.0 cc. s.c.§ 

4-3.6 

ISH 



2 i.p.t 


son) 

3.0 cc. s.c.§ 

4-3.7 

WM 



2 s.c. 



3.0 cc. s.c.§ 

4-1.5 

-1.2 



2 s.c. 

4-1.2 


3.0 cc. s.c.§ 

4-4.8 

4-0.4 


Average 

0.0 



4-4.1 

4-0.2 


Desoxycorti- 

10 i.p. 

4-0.2 

Anterior pi- 

0.5 mgm. sol- 


4-6.4 

4-6.9 

costerone 

10 i.p. 

4-0.1 

tuitary ex- 

ids i.p. 


4-5.7 

4-6.4 


10 s.c. 

-1.0 

tract 


4-2.1 

4-5.4 

4-7.5 


5 s.c. 

-0.2 



4-3.9 

4-4.2 

4-8.1 

, 

5 s.c. 

0.0 




4-4.8 

4-6.8 

Average j 

0.0 



4-1.8 

4-5.3 

4-7.1 


* Subcutaneously, 
t Intraperitoneally. 
t Lot 47. 

§ Lot 768. 

Acetone bodies are expressed as acetone and without correction for the 70 per cent con- 
version of beta-hydroxybutyric acid to acetone. 


TABLE 2 

Effect of 3 cc. of crude cortical extract (lot 47) on blood and urine ketones of fed rats 


BLOOD ACETONE BODIES (MGM. PER CENT) 

24 HOUR URINARY EXCRETION (mGM.) 

Before infection 

4 hours after injection 

Acetone plus aceto-acetic 
acid 

Beta-hydroxybutyric acid 

1.7 

11.1 

3.4 

0.2 

1.5 

11.1 

3.8 

0.3 

1.7 

11.8 

3.2 

0.2 
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a lack of normal synergism supplied by cortical hormone rather than to a loss of 
any direct ketogenic effect. Likewise, the restoration of acetone body excretion 
in diabetic adrenalectomized animals by cortical hormone (9) most likelj'' in- 
volves a supportive action of the hormone in which a mechanism of ketosis is 
facilitated rather than initiated. This is in contrast to the action of the hormone 
4n carbohydrate metabolism where it exerts a direct influence on glycosuria 
(10, 11) and on tissue glycogen (12). 

CONCLUSIONS 

Adrenal cortical extract, corticosterone, desoxy corticosterone, and 11 dehydro- 
17 hydroxy corticosterone (compound E of Kendall) do not stimulate ketosis 
in the fasting rat. 

We are indebted to Dr. E. C. Kendall for the corticosterone and 11 dehydro- 
17 hydroxy corticosterone used in these experiments. The desoxycorticosterone 
was supplied by the Schering Corporation through the kindness of Dr. W. H. 
Stoner, and the cortical extract by the Wilson Laboratories through the courtesy 
of Dr. David Klein. 
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The most striking symptoms of vitamin Bi deficiency in animals involve 
changes in the function of the heart and of peripheral neuromuscular systems. 
The immediate origins of these effects are still unknown. To some extent they 
may be due to central nervous changes, such as the lowered respiratory rates 
demonstrated by Peters et al. in the brain tissue of deficient pigeons and rats in 
the presence of certain substrates (Gavrilescu and Peters, 1931; O’Brien and 
Peters, 1935). The possibilit}’- of more direct, local effects upon peripheral 
systems has scarcel}'’ been explored. Myelin sheath degeneration is kno'wn to 
be characteristic of advanced deficiencj’’; but this may be preceded by functional 
impairment, and converselj'’ deficient animals ma}'’ recover functionally on 
treatment with thiamine long before histological repair can be detected (Wil- 
liams and Spies, 1938). 

These considerations suggest that thiamine may play some direct part in 
neuromuscular function. Three independent developments indicate such a 
relationship. Minz et al. have reported a, that thiamine enhances the action of 
acetjdcholine on isolated leech muscle and rat intestine and on the arterial 
pressure of the cat; and h, that thiamine is liberated in the activity of the vagus 
nerve (Agid, Beauvallet and Minz, 1937; Minz and Agid, 1937; Minz, 1938). 
Glick and Antopol (1939) have sho^vn that the action of choline esterase in vitro 
may be inhibited up to 50 per cent vdth thiamine in concentrations of about 10"^ 
by weight, indicating that thiamine may exei’t effects comparable with those of 
eserine. Finally Mann and Quastel (1940) have reported that brain slices from 
polyneuritic pigeons synthesize acetylcholine at subnormal rates in the presence 
of pyruvate and high concentrations of phosphate, and that the rates may be 
restored to normal by the addition of thiamine in vitro. It is noteworthy that 
all these reports indicate activities of thiamine which enhance those of acetyl- 
choline. 

The present paper is concerned with the action of thiamine and of thiamine 
pyrophosphate (cocarboxylase)^, alone and in combination with acetylcholine, 

^ This research was supported in part by a grant to G. W. from the Josiah Macy, Jr. 
Foundation. The authors are grateful to Merck and Company for gifts of synthetic thia- 
mine chloride and cocarboxylase. 

2 The cocarboxylase employed in these experiments is a synthetic crystalline prepara- 
tion containing about 60 per cent thiamine pyrophosphate. The remainder consists pri- 
marily of the monophosphate ester. 
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Upon the Straub preparation of the frog heart. In this preparation test solutions 
act directly upon the ventricular muscle, without ordinarily entering the auricles 
or reaching the cardiac pacemaker. For this reason only changes in the ampli- 
tude of the beat, not in its frequency, can ordinarily be observed. 

Previous experiments with this preparation have led to confused results. 
Hecht and Weese (1937) reported that thiamine by weight has no effect on 
the heart. Agid and Balkanyi (1938), however, reported that at concentrations 
of 10“^ to 10'® the amplitude of the beat was decreased. With increase in 
concentration this effect declined and even reversed, and as the concentration 
approached IQ-^ a second reversal of effect occurred, resulting in heart block. 
These actions were transient and were inhibited by atropine. Furthermore, 
vitamin Bi, was found to antagonize the action of acetylcholine, so that, for 
example, an arresting dose of the latter could reinstate the beat in a heart 
previously blocked with 10~- thiamine. 

Kaiser (1939) clarified this situation in part with the reminder that thiamine 
in its usual marketed form — ^the chloride hydrochloride — ^is highly acidic. In 
unbuffered or lightly buffered Ringer solutions it yields pH’s of 3.5-4.5. Kaiser 
reported that neutral solutions of thiamine in concentrations of 10“'^ to lO'^ have 
no effect upon the Straub heart. The inhibitory action of acid thiamine can be 
reproduced ivith acid Ringer alone; and unlike that of acetylcholine, this effect 
is not inhibited by atropine. On the other hand, the neutral vitamin antagonizes 
the action of acetylcholine when applied to the heart simultaneously vdth it, an 
effect comparable with that reported bj’' Agid and Balkanyi. , 

The present experiments confirm and extend Kaiser’s observations. They 
show that thiamine exerts two independent effects upon the frog ventricle; 
1, a specific strong depressant action in slightly acid solutions (pH 5.2-6.0) at 
concentrations of 10~^ to 10”^ by weight. Acid Ringer exerts comparable effects 
only at much lower pH’s. This action is exliibited also by cocarboxylase 
in acid, and to a slight degree even in neutral solutions. None of these activities 
is inhibited by atropine. 2. In neutral solutions thiamine 10~® to 10"^ antago- 
nizes the depressant action of acetylcholine when applied to the heart simultane- 
ously noth it. This effect begins at pH’s at which the direct depressant action 
of thiamine ceases, and increases sharply with further increase in alkalinity 
(pH 5.9-7.6). It is not exliibited by cocarboxylase 10~^ under any observed 
circumstances. 

The action of thiamine — or of cocarbox 3 dase — ^upon the Straub preparation 
therefore in no case enhances that of acetylcholine. Under some circumstances 
it passively adds to, and otherwise it antagonizes, that of the latter substance. 

Methods. All experiments were performed with the Straub preparation of 
the isolated heart of Rana pipiem at constant temperatures. Both the ampli- 
tude and frequency of the beat were recorded kymographically. Follouing as- 
sembly of the preparation the heart was permitted to come to a steady state 
dunng 45 to 60 minutes undisturbed in bicarbonate Ringer I (table 1). Test 
solutrons were then applied at regular intervals and for regular durations in- 
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terpolated \Yith. standardized periods of washing nith Ringer I. During per- 
fusions oxygen was constantly bubbled through the solutions. The test solutions 
were made up in bicarbonate-free Ringer II (table 1). Their pH was adjusted 
with NaOH or HCl. All pH measurements were performed with a Beckman 
glass-electrode meter. 

In our earlj’' experiments a standard Straub cannula was employed. This was 
emptied and refilled with capillarj’- pipettes, with care that the height of the 
perfusion fluid remained constant throughout the experiment. 

It was found, however, that the heart rapidly neutralized the small volumes 
(1 ml.) of acid solution used in the perfusions. To eliminate this discrepancy a 
continuous-flow cannula wms designed in which the height of the perfusion fluid 
was kept constant by means of an overflow, and through which solutions were 
run at the rate of about 13 ml. per minute. Under these conditions the pH of 
the test mixtures remained constant vdthin 0.02 pH unit throughout each 
experiment. 


TABLE 1 


RINGER I 

RINGER H 

NaCl 

KCl 

CaCln 

NaHCOa 

NaH2P04 

H 2 O 

0.014 

0.012 

0.02 

0.001 

NaCl 

KCl 

CaCb 

KHeP04 

NasHP04 

H.O 

0.65 gram 

0.014 

0.012 

0.005 

0.005 

• to 100 ml. 

Normal pH 

7.8 

Normal pH . . . 

6.45 


Observations. The depressant aelions of thiamine and cocarhoxylase. A 
solution of thiamine chloride hydrochloride 10~® in Ringer II has a pH of 4.5. 
Such a solution immediately blocks the beat of the ventricle in diastole. The 
auricle may continue to beat, and frequently fills while the heart is in this condi- 
tion, permitting the test solution to bathe structures which it otherwise does not 
reach. This ma}’' account for certain irregularities — resumption and periodic 
wmxing and waning of the beat (“Luciani periods”)^ — sometimes encountered m 
later stages of this experiment. On replacing the thiamine solution with Ringer 
I the ventricular beat recovers immediatelj'", and attains its original amplitude 
vdthin a few seconds. Cocarboxylase 10“® in Ringer II, brought to pH 4.5, 
behaves similarly to thiamine. Ringer II alone at pH 4.5, however, depresses 
the amplitude of the beat comparativelj'^ little (fig. 1). In solutions of this 
acidit}'^, therefore, thiamine and cocarboxjdase specificallj’^ inhibit the amplitude 
of the ventricular beat. This effect was examined further in the following 
experiments. 

A fii-st series was conducted in April to June, 1940, at a temperature of 13.5 to 
14.5°C., using the ordinaiy Straub cannula. Except in cases of complete arrest 
of the beat, test solutions were allowed to act for three minutes, and were applied 
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at 10 minute intervals. Between tests the heart was allowed to beat in several 
changes of Ringer I. Ten such preparations were studied. In every case to 
produce comparable depressions of the beat amplitude, Ringer II alone had to 
be brought to a full pH unit or more below solutions of Ringer II containing 10 

thiamine (fig. 2A). , xi, rr> 

As noted above, during these perfusions with the ordinary cannula, the pH s 

of the test solutions shifted rapidly toward neutrality. After 3 minutes' contact 


Ringer 

pH4.S 


I' 

\ 


After 

Atropinizat/on 


Bf /0~^ Co-CQ rh. /0~^- A c.Ch. 10 
pH4.5 ■ pH4.S pH 7.4 






Fig. 1. Kymograms of the ventricular beat before and after atropinization (upper and 
lower series respectively). All records were made with a single heart preparation, using 
the flow cannula. At pH 4.5 Ringer solution depresses the beat slightly, thiamine (Bi) 
and cocarboxylase 10“^ stop it completely. After atropinization the action of thiamine or 
cocarboxylase is unchanged, while that of acetylcholine is abolished. The time signal at 
bottom marks tenths of a minute. A white arrow on each record indicates the moment of 
application of the test solution. The lower portion of the tracing represents diastole. 


with the heart, the pH of acid Ringer solutions had changed as much as 2 units 
(e.g., from 4 to 6); under similar conditions the pH of solutions containing 
thiamine changed much less (usually 0.2-0.5 unit). The results obtained by 
this method therefore were unnecessarily scattered and misleading. 

A comparable series of experiments tvas performed with the constant-flow 
cannula at 17°C. in June to August, 1941. Test solutions were applied to the 
heart for 10 minute intervals, separated by 30 minute periods in Ringer I alone. 
Twelve preparations were examined; the results are collected in figure 2B. 





Per cent depress 


468 


BLANCHE JACKSON AND GEORGE WALD 


Since in these experiments the heart was given no opportunity to neutralize 
the test solutions, the effects occur at considerablj’' higher pH’s than when the 
ordinary cannula was used. For the same reason they are much more uniform. 
Acid Ringer alone inhibits the heart progi-essively from pH 5.2 to complete block 
at about pH 4; thiamine 10~^ in Ringer produces comparable effects in the pH 
range 6 to 5.2; that is, the depression due to thiamine is complete at a pH at 
which Ringer alone produces no effect whatever.^ 



Fig. 2. Depression of the amplitude of the ventricular beat with Ringer solution alone 
(solid circles) and with thiamine 10”’ in Ringer (open circles) at various pH’s. A — Experi- 
ments with the ordinary cannula (10 preparations) ; the pH stated is that of the test solution 
before use, but this changed in contact with the heart. The large circles show data from a 
single preparation. B — Experiments with the flow cannula at constant pH (12 prepara- 
tions). 


At a concentration of 10“^ thiamine still exhibits this specific effect, though to 
a much smaller degi-ee. Thiamine 10“* produces very nearly the same effect as 
Ringer II alone at the same pH. Thus in an expeilment at pH 4.6, thiamine 
10“’ stopped the beat, thiamine 10~' depressed its amplitude 49 per cent, 
thiamine 10“’ 19 per cent, and Ringer II alone 13 per cent. 

Between pH 6 and 7.6, at which thiamine exhibits no depressant action, 

’ In a preparation blocked with either acid Ringer or thiamine the ventricle does not 
respond to direct electrical stimulation. 
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Fig. 3 — a-e. The antagonism of thiamine (Bi) to the action of acetylcholine 
10~® and 10"^ at pH 7.0. f-h. At the same pH the depressions due to cocarboxylase and 
acetylcholine are additive, i-k. The depressions due to thiamine and acetylcholine at 
pH 5.5 also are additive. Records a-e and i-k were made with a single heart preparation, 
f-h with another. Signals as in figure 1. 
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cocarboxylase 10“^ still depresses the amplitude of the beat 10 to 25 per cent 
(fig. 3f). Thiamine solutions or Ringer II alone above pH 6.5 cause small in- 
creases in the beat amplitude. These are identical in the presence or absence 
of thiamine, and appear to be due to the pH itself (fig. 2B). 

The depressant effects of acid solutions, of thiamine, and of cocarboxylase, 
unlike those of acetylchbline, are not inhibited bj'’ atropinization. In the 
experiment shown in figurd 1, after the upper series of tracings had been recorded, 
the heart was allowed to bbat for 15 minutes in atropine sulphate 10“® at pH 7.5. 
It was then washed for 5 fninutes in Ringer I. On subsequent reapplication of 
the test solutions, the actions of thiamine and of cocarboxjdase were found to be 
unaffected, while those of acetylcholine 10“® had been completely abolished. 
This is an initial indication that the depressant effects of thiamine and cocarbox- 
3 dase are not mediated through the acetylcholine sj’-stem. 

TABLE 2 

Interaction of thiamine and cocarboxylase with acetylcholine 


In neutral solution the effects of thiamine and acetylcholine are antagonistic. In acid 
solution they are additive; and the same is true of cocarboxylase and acetylcholine in 
neutral solution. The numbers in parentheses indicate concentrations by weight. 


pH 

PERCENTAGE DEPRESSION 

HEART 

NUMBER 

Ao. Ch. 

Thiamine 

Ao. Ch. + 
thiamine 

Cocarb. 

10-! 

Ac. Ch. -f- 
cocarb. 

5.5 

(10-8) 08 

(10-8) 69 

89 



1 

6.95 

(10-8) 54 

(10-8) 0 

51 



2 

6.95 

(10-8) 54 

(10-8) 0 

48 



2 

6.95 

(10-8) 54 

(10-8) 0 

20 



2 

6.95 

(10-8) 54 

(10-8) 0 

9 

— 

65 

2 

7.0 

(10-8) 42 

(10-8) 0 

13 

27 

56 

1 

7.0 

(10-’) 100 

(10-8) 0 

24 



3 

7.55 

(10-’) 45 

(10-8) 0 

11 

10 

47 

4 


The antagonism of thiamine and acetylcholine. Thiamine 10“^ in neutral solu- 
tion, which itself has no effect upon the Straub preparation, decreases markedlj" 
the action of acetjdcholine when both substances are applied to the heart simul- 
taneously (fig. 3 a-e). In this sense thiamine exhibits an activity comparable 
vdth that of atropine. Unlike atropinization, however, the thiamine effect is 
washed out of the heart vdth great ease and rapidity. After a heart has beaten 
in neutral thiamine 10~® for as long as an hour, a 5 minute washing vdth Ringer 
I completelj’' abolishes all effect upon the action of acetylcholine applied sub- 
sequentR’- (cf. Kaiser, 1939). A large antagonism to acetylcholine is still ex- 
hibited by thiamine at a concentration of 10"^; at 10~® the effect has become very 
small, and below this concentration it is negligible (table 2) . 

The antagonism to acetylcholine is exhibited only at pH’s above about 5.9 
at which the specific depressant action of thiamine has ceased. With increase 
in pH above 5.9 acetylcholine antagonism increases sharpl}’’; below 5.9 thiamine 
and acetylcholine applied together to the heart simply add their individual de- 
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pressant effects (fig. 3, i-k). To state this in another way, thiamine in the 
presence of acetylcholine reverses its action on the heart muscle at pH 5.9: 
below this pH it is a specific depressant, above it, it increases the amplitude of 
the beat by antagonizing the depressant effects of acetylcholine. 

On the other hand cocarbOxjdase, which depresses the heart in both acid and 
neutral solution, does not antagonize the action of acetylcholine at either reac- 
tion; in all cases the effect of adding the two substances simultaneously is simply 
additive (fig. 3, f-h; table 2). We therefore have the extraordinary result that 
these two effects upon the frog ventricle are mutually exclusive: at pH’s at ivhich 
thiamine antagonizes acetylcholine it does not depress the beat, and vice, versa; 
while cocarboxylase, which depresses the beat under all observed circumstances, 
does not antagonize acetylcholine activity in any of them. 

The separation between these phenomena is complete. Depression of the 
heartbeat with acid thiamine or noth cocarbo.xylase adds simply and quantita- 
tively to that produced by acetylcholine. For example (table 2), thiamine 10~^ 
at pH 5.5 cuts the amplitude of the beat to 31 per cent (69 per cent depression) ; 
acetylcholine 10~® cuts it to 32 per cent; both substances together to 11 per cent. 
The expected amplitude, if both substances were acting additivel 3 q would be 
0.31 X 0.32 or 10 per cent. Similarly cocarboxjdase and acetylcholine acting 
additively at pH 7.0 should yield an amplitude of 42 per cent; an amplitude of 44 
per cent is observed. At pH 7.55 the expected amplitude for both substances 
acting together is 60 per cent, the observed amplitude 53 per cent. It maj'’ be 
concluded that there is no specific interaction whatever between acetylcholine 
and neutral cocarboxjdase or thiamine in solutions more acid than pH 5.9. 

Certain collateral information has implied that thiamine or cocarboxylase 
might depress the heartbeat through the intermediation of acetjdcholine, for 
example through inhibition of choline esterase (Click and Antopol, 1939), or 
stimulation of acetylcholine synthesis (Mann and Quastel, 1940). The fore- 
going observations preclude such a relationship. In this they are consistent 
tyth the observed failure of atropine to inhibit thiamine or cocarboxylase ac- 
tivity. 


Discussion. The depressant actions of thiamine and cocarboxjdase upon the 
frog ventricle are independent of that of acetylcholine. The only type of inter- 
action noth acetylcholine wliich has been demonstrated — that of thiamine in 
neutral solution— is an antagonism. It is opposite in direction therefore to 
other types of interaction previously reported, all of which tend to further 
acetylcholine activity; the acetylcholine-enhancing effect of Minz et ah; the 
eserine-like inhibition of choline esterase in vitro (Click and Antopol, 1939) : 
and the stimulation of acetylcholine synthesis by thiamine in the polyneuritic 
brain (Mann and Quastel, 1940). These mechanisms may operate in other 
structures of the neuromuscular system. Clearly none of them is applicable to 
the behavior of the present preparation. 

The sharp transition between the depressant action of thiamine and its antag- 
onism to acetjdchohne at pH about 6 may be related to the state of dissociation 
of the molecule. Below pH 6 the free amino group of thiamine progres.sively 
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adds a proton (H+) to form the doubly charged cation thiamine++; it is in 
this form that it exists as the chloride hydrochloride. This change is half com- 
pleted at pH about 5 (Williams and Ruehle, 1935; Williams, 1937). Between 
pH 6 and 8 thiamine exists entirely in the form of the monovalent ion, thiamine+, 
and possesses a free amino group. It is possible that the depressant action of 
thiamine is associated wdth the first state of the molecule, acetylcholine antag- 
onism vith the second. 

The diffusion into cells of a large molecule like thiamine, though much more 
rapid than that of cocarboxylase, must still be a relatively slow process (Banga, 
Ochoa and Peters, 1939). Yet both substances depress the heartbeat almost 
instantl}'-, thiamine not appreciablj’’ faster than cocarbox 5 dase; and conversely 
this effect is obliterated by washing Avith Ringer solution within a few seconds. 
Similarly, effects antagonistic to the action of acetylcholine are Avashed out of 
the heart AAnth great speed even after long periods of soaking in thiamine solution. 
It is difficult to aAmid the conclusion that both types of action occur at the muscle 
surface. 

It may be asked Avhether the obseiwed phenomena haA^e any significance in 
the behaAdor of the intact organism. This question is intimately bound up A\ith 
the nature of the Straub preparation, in Avhich the Amntricle is bathed in test 
fluids much in the same Avay that it is bathed in situ Avith the blood, while the 
cardiac pacemaker is left unaffected. 

Cocarbox 3 dase is found in the blood almost entirely AAithin the cells. The 
free thiamine concentration of normal human plasma is about 10~® by weight; 
that of cattle and pigeons is of the same order (Goodhart and Sinclair, 1939). 
At this concentration thiamine produces no perceptible effect upon the frog 
ventricle. The gross concentration of thiamine in animal muscles is of the order 
of 10~® by weight; such concentrations in the perfusion medium of our experi- 
ments also AA'^ere without effect. The significance of the present phenomena 
in vivo rests therefore upon the degree to Avhich thiamine and cocarboxylase may 
be concentrated at specific loci, perhaps for limited interAmls, within the circula- 
tory and neuromuscular systems. No basis yet exists for eA’'aluating this factor. 

SUMMARY 

Experiments are reported upon the action of thiamine (vitamin Bi) and of its 
pyrophosphate ester (cocarboxjdase) upon the Straub preparation of the frog' 
heart. This is a ventricular preparation, in Avhich test solutions act directly 
upon the heart muscle and produce changes only in the amplitude of the beat. 

Between pH 6.0 and 5.2 thiamine 10“* by Aveight progressively depresses the 
beat to complete stoppage. At a concentration of 10“'* this effect is still ob- 
serAmd, at 10“^ it has become negligible. Cocarboxylase 10“® behaAms similarl}'', 
but continues to depress the beat 10 to 25 per cent up to pH 7.6. 

This action is independent of that of acetylcholine. Atropine, which com- 
pletelj’' abolishes the latter, has no effect upon the former. Further, the depres- 
sions produced by thiamine or cocarboxjdase and by acetylcholine are simplj’’ 
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and accurately summated when both types of substance are applied to the heart 
simultaneously. 

Above pH about 6.0 thiamine 10~® to lO'® progressively antagonizes the action 
of acetylcholine. This effect is not exhibited by cocarboxylase. Depression of 
the heartbeat and acetylcholine antagonism therefore appear in these experi- 
ments under mutually exclusive conditions: thiamine shifts from the first to the 
second type of activity at pH about 6, while cocarboxylase, which depresses the 
beat at all pH’s investigated, does not antagonize acetylcholine at all. The 
shift in behavior of thiamine with pH may be related to its change from a 
monoacidic to a diacidic base at pH’s below 6. The significance of these effects 
in the intact animal can not yet be evaluated. 
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Various studies have been made on the effect of hyperthyroidism on vitamin 
metabolism and vitamin requirements. In 1932 Hirhmch et al. (4) demon- 
strated an increased requirement for undifferentiated vitamin B during thyroid 
feeding. Sure and Buchanan (6) reported that the requirement of the rat for 
crystalline vitamin Bi was increased during hyperthju’oidism. It has also been 
shown that thyroid feeding decreases the body stores of vitamin Bi (2, 5). 

Drill and Sherwood (3) found tha,t rats fed a normal diet, plus sufficient 
th 5 '-roid gland to produce a loss in weight, would stop losing weight when vita- 
min Bi was injected, but would not regain their lost weight until a supplement 
rich in the vitamin B 2 complex was added to their diet. This indicated that 
some B vitamins other than thiamin were needed in increased amounts during 
experimental hyperthyroidism. A study was therefore made, using crystalline 
B vitamins, to determine which vitamin(s) of the B 2 complex are required in 
larger amounts during thyroid feeding. 

Methods. Female rats averaging 200 grams in weight were used as experi- 
mental animals. A sex difference in response to thyroid feeding in rats has 
been reported (1). The rats were fed the follovang diet (diet no. 8) ad libitum: 
salts, 4; cod liver oil, U.S.P., 4; Crisco, 10; casein, 20; starch, 62 parts. Each 
rat also received a dailj’' supplement of 200 mgm. of a dried baker’s yeast. The 
yeast contained 29 International Units of vitamin Bi per gram and 23 Sherman- 
Borquin units of vitamin G (flavin) per gram. The thyroid gland contained 
0.21 per cent iodine.® Water was constantly supplied. 

Results. Nine normal rats, receiving diet 8 plus the j'-east supplement, 
gained weight during the experiment (fig. 1). Nine rats, serving as negative 
controls, received diet 8 ad libitum and the daily yeast supplement plus 100 
mgm. of thyroid gland per day. These rats showed a progressive loss of weight 
(fig. 1) and were killed on the 47th day of the experiment. Twenty-three test 

' The authors wish to thank Eli Lilly and Company for a grant in support of this work. 

^ This work was done in the laboratory of Dr. W. W. Swingle and we are indebted to him 
for the necessary facilities to undertake this work. 

® The authors are indebted to Dr. C. N. Fry of The Fleischmann Laboratories for supply- 
ing the analysed yeast, to Dr. R. T. Major of Merck and Company for supplying the crystal- 
line B vitamins, and to Dr. H. W. Rhodehamel of Eli Lilly and Company for the desiccated 
thyroid gland. 
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animals, receiving the same diet and supplements as the negative controls, also 
lost weight. On the twentieth day of thyroid feeding the test rats had lost 
an average of 24.4 grams of body weight. They were then injected mth 500 
gamma of thiamin (vitamin Bi) per day and the loss of weight was stopped. 
The thiamin injections were continued for 11 days during which time the average 
weight of the group remained constant, neither gaining nor losing, as previously 
reported (1, 3, 5). 



DAYS 

Fig. 1. Average change in weight of the rats. Control rats on diet 8 • • . Nega- 
tive controls fed diet 8 plus 100 mgm. of thi^roid gland per day □ □. Test animals 

fed diet 8 plus 100 mgm. of thyroid gland per day A A, with supplements added at 

points indicated. 1, test animals injected with 500 gamma of thiamin per day. Test ani- 
mals divided into group A G G and group B G G. Group A injected nith 500 

gamma of each pyroxidin and thiamin per day. Group B injected udth 1 mgm. of calcium 
pantothenate and 500 gamma of thiamin per day. 2, groups A and B injected with 1 mgm. 
of calcium pantothenate and 500 gamma of each.pyroxidin and thiamin per day. 

At this point the test animals can be made to gain weight if a rich source of 
the vitamin Ba complex is added to the diet (3). However, on the 31st day of 
thyroid feeding the test rats were dirdded into two groups, A and B. Group A 
received 500 gamma of pyroxidin (vitamin Be) per day in addition to the vita- 
min Bi being injected. The pyroxidin and thiamin were dissolved in one solu- 
tion and bi ought to pH 6.8, so that 0.5 cc. contained 500 gamma of each pyroxi- 
din and thiamin. These rats made a rapid gain in weight (fig. 1). Group B 
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was injected vdth 0.5 cc. per day of a solution containing 500 gamma of thiamin 
and 1 mgm. of calcium pantothenate. This group definitely gained weight, 
but at a slower rate than the rats receiving the pyroxidin injections. 

Group A, receiving the pyroxidin and thiamin injections, had nearl}'- reached 
its original weight on the 79th day of the experiment. Group B, however, re- 
ceiving the thiamin and calcium pantothenate injections, did not gain weight 
to their original level in 79 days, but reached a constant level about 11 grams 
below their initial weight (fig. 1). On the 79th day of thyroid feeding groups 
A and B received a daily 0.5 cc. injection of a solution containing 500 gamma 
of thiamin, 500 gamma of pyroxidin, and 1 mgm. of calcium pantothenate. 
Both groups now gained weight rapidlj’^, the average weight being above the 
weight at the start of thyroid feeding. The injections and the thyroid feeding 
were continued until the 106th day, during which time the increase in weight 
was maintained. 

Discussion. Vitamins A and C are required in larger amounts during hyper- 
thyroidism but do not influence the loss of weight as do the B vitamins. The 
diet used in the above experiment contained 4 per cent cod liver oil. If 2 per 
cent of cod liver oil is used some of the thyroid fed rats vail develop xeroph- 
thalmia. 

The diet was planned to contain a minimal but adequate amount of yeast, 
as evidenced by the gain in weight of the untreated animals (fig. 1). The 
amount of thyroid gland fed was sufficient to produce a loss of weight vdth this 
normal diet. Thus, any increase in the body requirement for the B vitamins, 
caused by thyroid feeding, will result in a relative deficiencj’’ of these vitamins. 

When thyroid feeding was started the rats showed a progressive loss of weight. 
Thiamin is known to be required in larger amounts during hyperthyroidism 
and its injection when the rats had lost 24.4 grams in weight stopped any further 
loss of weight. The food intake was simultaneously increased from a noi’mal 
of 11 to 12 grams per day, by the thiamin injections, to approximately 17 to 
19 grams per day. This increase in food intake seems to be the main factor 
in stopping a further loss of weight, even while thyroid gland is still being fed. 
It has been shown that the addition of a rich source of the vitamin B 2 complex 
(as yeast) at this time would enable the thjToid fed rats to regain their lost 
weight -without, however, further increasing the food intake (3). Thus, the 
effect of the yeast is probably through its additional content of some vitamins 
in the B 2 complex, as thiamin was already being injected in an optimal amount. 
It was found that injections of both pyroxidin and calcium pantothenate would 
enable the rats to regain their lost weight, and would effectively replace the 
addition of yeast. Pyroxidin injections caused a more rapid gain in weight 
than calcium pantothenate alone. When both pyroxidin and calcium panto- 
thenate were injected’ together the rats regained all of their lost weight. The 
gain in weight was maintained, while still feeding thyroid gland. It was not 
necessary to supplement the diet -with riboflavin. It is evident that the require- 
ments for three B -^dtamins, thiamin, pyroxidin, and pantothenic acid are increased 
during experimental hj’-perthyroidism. 
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CONCLUSIONS 

Rats fed a diet containing a normal but minimal amount of yeast lost weight 
when thyroid gland was fed. Injections of thiamin will stop the loss of weight, 
but the rats will not regain their lost weight until a rich source of the vitamin 
B2 complex, as yeast, is added to the diet. Injections of pju'oxidin (vitamin 
Be) and calcium pantothenate can effectively replace this addition of yeast, 
and the rats regained and maintained their lost weight while still receiving 
thjuoid gland. Thus in addition to thiamin, both pyroxidin and pantothenic 
acid are required in larger amounts during experimental hyperthyroidism. 
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ADDENDUM 

Mr. R. F. Light of the Fleischmann Laboratories has informed us that the yeast supple- 
ment also contained 85 gamma of vitamin Be and 120 to 150 gamma of calcium pantho- 
thenate per gram. 



IN VIVO AND IN VITRO EXCHANGE OF PHOSPHORUS BY ENAMEL 

AND DENTINi 


C. P. BARNUM AND W. D. ARMSTRONG 

From the Division of Physiological Chemistry and Laboratory of Dental Research, University 

of Minnesota, Minneapolis 

Accepted for publication October 28, 1941 

Chievitz and Hevesy (1) and Hevesj'’, Holst and Krogh (2), using radioactive 
phosphorus as the indicator, compared the rates of exchange of phosphorus by 
whole teeth and other tissues in the case of a variety of animals. Manl}'^ and 
Bale (3) demonstrated that the labeled phosphoiais acquired in vivo by calcified 
tissues enters the mineral material. Hevesy and Armstrong (4) found, after the 
parenteral administration of potent preparations of radioactive phosphorus to 
mature cats, small but significant amounts of the labeled isotope in the enamel 
and much larger quantities in the dentin. Volker and Sognnaes (5) also demon- 
strated an uptake of radiophosphoras by the enamel of cats. However, Manly, 
Hodge and Van Voorhis (6) failed to confirm an exchange of phosphorus by the 
enamel but, as they stated, their result might have been a consequence of the 
administration to the animal of a preparation of radiophosphorus too weak to 
activate the enamel to a measurable degree. These workers found that the 
active phosphorus content of the dentin was constant between various teeth, and 
of the same order as that of dense diaphyseal bone. While the work to be re- 
ported in this paper was in progress, Sognnaes and Volker (7) described the re- 
sults of a studj”- of the distribution of radiophosphoiais in the enamel of experi- 
mental animals and presented evidence that the greatest amount of the active 
isotope found in the surface laj’^er of enamel was derived from the saliva. 

Because the results of Manljq Hodge and Van Voorhis (6) differed from those 
of Hevesy and Armstrong (4), it seemed necessary to determine more precisely 
the relative in vivo uptakes of radioactive phosphorus by enarhel and by dentin. 
This purpose has been accomplished by the use of a very potent preparation of 
radioactive phosphorus and by the measurement of the activities of the sepai’ated 
enamel and dentin under identical conditions. Additional information was 
obtained as to the degree of phosphorus exchange by dental stractures and as 
to the routes over which the exchange occurs. VTiile it does not seem probable 
that the radioactivity found by Hevesj’’ and Armstrong (4) in enamel could have 
been due entirely to contamination of the enamel specimens vith dentin, the 

* This work was made possible a grant from the Carnegie Corporation and was aided 
by the personnel of the Works Progress Administration, Official Project no. 665-71-3-69, 
Sub-project no. 344. The active phosphorus used in this investigation was kindly supplied 
by the Radiation Laboratory of the University of California. • 
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improvement, made by Manly and Hodge (8), of the Brekhus and Armstrong 
(9) method for the separation of enamel and dentin allowed this point to be 
reinvestigated. This procedure (8) is based upon the suspension of the finely 
powdered whole tooth in an inert liquid of density between those of enamel and 
dentin, whereupon, after centrifugation, the enamel sinks and the lighter particles 
of dentin float at the surface of the liquid. In order to determine the influence 
of the possible presence of dentin on the radioactivity of the initial enamel 
specimen, the activity of the enamel was measured after each of two repurifica- 
tioris, each repurification being made from a heavier liquid than that employed 
in the preceding stage. The enamel of four animals was pooled and mixed in 
order that sufficient material would be available for this experiment. 

Four mature cats (weight 7.0-9. 2 lbs.) were given by subcutaneous injection 
a sodium phosphate solution, adjusted to pH 7.4 containing 23.6 mgm. total 
phosphorus and 32 X 10® counts per minute of the radioactive isotope of phos- 
phorus. The solution was distributed among the animals in proportion to the - 
I power of their weight. The animals were sacrificed 122 hours after the injec- 
tion, when their teeth and a femur from each animal were obtained and a sample 
of blood drawn from the heart of each animal. The teeth were cleaned and the 
roots covered vath colored collodion, after which they were washed for 24 hours 
in running water, and for 24 hours in a phosphate solution containing 10 mgm. of 
the inactive isotope of phosphoras per 100 cc. The crowns of the teeth were cut 
off the roots, cracked into small bits and extracted over night with an equal part 
mixture of alcohol and ether. They w'ere then pulverized so that all material 
passed through a 100-mesh screen and the enamel and dentin separated by the 
procedure of Manly and Hodge (8). The enamel ivhich repeatedlj’’ sank from a 
bromoform-acetone mixture of density 2.70, and the dentin w^hich deposited no 
material from a liquid of density 2.42 but which sank from one of density 2.08, 
ivere the initial specimens whose radioactivities were measured. The dentin 
and an arbitraiy standard of basic calcium phosphate, prepared froin an aliquot 
of the active solution administered to the animals, were retained as standards. 
The ratio of the activity of the enamel to that of each of the standards was de- 
termined after each repurification of the enamel. In this way the natural decaj^ 
of the radioactive phosphorus was prevented from influencing the comparative 
measurements of the activity of the specimens of enamel and dentin. A beta-ray 
Geiger-Mueller counter adapted for use wdth solids contained in uniform alumi- 
num dishes 1 cm. in diameter was emplojmd in the radioactivity determinations. 

The ratio of the activity of one gram of enamel, after each repurification, to 
that of one gram of dentin and the ratio of the activity of the same enamel 
specimens to that of the arbitrary standard are showm in table 1. The data 
Mth reference to the ratio of the activity of the dentin to the calcium phosphate 
standard are included as a further indication of the precision vith which the 
activity measurements were made over a period of five days. While no signifi- 
cant change in the activity of the enamel resulted from repurification from 
liquid of density 2.78 there was an apparent 6.9 per cent maximum decrease in 
the acti\ ity of the enamel after repurification from pure bromoform (density 
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2.85). Since the errors of four separate activity measurements are involved 
when anj'- two ratios are compared, the significance of this apparent decrease is 
uncertain. Even if the decrease in activity is considered to be real, it can be 
shoum by calculation that the removal of only 5 mgm. of dentin from each gram 
of the initial enamel specimen would account for the changed activity. At all 
events this result differs from that of Sognnaes and Volker (7) who found the 
most dense fractions of enamel to possess the highest activity. The activity 
measurements mentioned above were canded out on unaltered enamel and dentin 
and are useful onlj’- for purposes of comparison. Since the mineral content of 
enamel is considerabl}'’ higher than that of dentin, the internal absorption of 
beta-raj’^s by enamel is greater than that of dentin. Therefore, the ti’ue relative 
amounts of radiophosphorus acquired by enamel and dentin can be estimated 
only after the phosphoras contained in each is converted to the same compound. 
The purified specimens Avere ashed, dissolved in acid and precipitated as basic 
calcium phosphate. The ratio of the activity of one gram of enamel to that of 
one gram of dentin calculated from the activity measurements of the calcium 
phosphate precipitates was 0.0731. The phosphorus content of enamel exceeds 

TABLE 1 


Relation of radiophosphorus content of enamel to density 


DENSITY OF ENAMEL* 

RATIO OF activity OF 
ENAMEL TO DENTIN 

RATIO OF ACTIVITY OF 
ENAMEL TO ARBITRARY 
STANDARD 

RATIO OF ACTIVITY OF 
DENTIN TO ARBITRARY 
STANDARD 

>2.70 

0.0775 

0.997 

12.87 

>2.78 

0.0774 

1.026 

13.26 

>2.85 

0.0721 

0.957 

13.27 


* Density of liquid used in repuri6cation of enamel. Density of dentin lay between 
2.42 and 2.08. 


that of the dentin (10). The rates of exchange of phosi^horus by various tissues 
can be compared if the acthdty measurements are related to the phosphoras 
content of the several tissues. The ratio of the specific activities- of enamel to 
dentin was found, in this experiment, to be 0.0533. This figure indicates that 
the phosphoras of the enamel was exchanged at a rate Avhich AA-as approximately 
5 per cent of that of dentin. Various parts of a femur of one animal AA^ere ashed 
and actiA'itj’- measurements were made on the calcium phosphate precipitated 
from the solutions of the ash. The folloAAdng results, as percentage of the total 
quantity of radiophosphorus administered to the animals, were found for one 
gram weights of ash: enamel, 0.000546; dentin, 0.00878; femur epiphj'^sis, 0.0611; 
femur diaphj^sis, 0.0133; and femur marroAA^, 0.310. 

Sognnaes and Volker (7), as stated aboA’’e, presented eAudence that the largest 
fraction of the labeled phosphorus which enters the surface layer of enamel is 
deriA-ed from the saliA^a. An estimate of the quantity of actrae phosphorus ac- 
quired bj' enamel from salh-a requires a knoAA’ledge of the actrae phosphoras 

- Specific activity = per cent of administered radioactive phosphorus found per milli- 
gram of tissue phosphorus. 
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content of that fluid. If the plausible assumption is made that the inorganic 
phosphoras of plasma and saliva were, for most of the 5 days, in exchange 
equilibrium, it is possible to calculate the radioactivity of saliva from the specific 
activity measurements of plasma. The specific activities of the acid-soluble 
phosphorus of the plasma of three of the cats® were as follows; 0.00634, 0.00626 
and 0.00555. From the average value 0.00605, and assuming 15.3 mgm. phos- 
phorus per 100 cc. of saliva (11), it was calculated that the cats saliva had, on 
an average, 65 counts of radioactive phosphorus per cubic centimetei as of the 
day on which the activity of their enamel was counted. From the results of 
in vitro experiments mentioned below, in which teeth were bathed in saliva to 
which labeled phosphorus had been added, it can be estimated that at least 5 per 
cent of the total radioactive phosphorus found in the cats’ enamel was derived 
from their saliva. This figure represents the minimum fraction of the labeled 
phosphorus acquired by enamel from the saliva since the activity of the blood, 
and hence of the saliva, undoubtedly was higher for some hours after the sub- 
cutaneous administration of the labeled phosphorus than at the time the animals 
were sacrificed. However, it would appear from the observations of Hevesy 
(12), ivith reference to the change of labeled phosphorus content of plasma 
following the subcutaneous injection of radioactive phosphorus, that the active 
phosphorus content of the blood of the cats used in this experiment was never 
over three times the quantity calculated. 

Three groups of human molar teeth, after their roots had been covered ivith 
collodion, were transferred to 15 cc. of saliva containing radioactive phosphoims. 
The solution was stirred for 24 hours at 38°. After removal from the saliva, 
the teeth were washed in running tap water and the roots were cut awa}' and 
discarded. The uptakes of phosphorus by the enamel and dentin separated from 
these teeth were calculated from their respective activities and from the active 


phosphorus (954,000 counts per minute per 15 cc.) and total phosphorus (3.15 
mgm. phosphorus per 15 cc.) contained in the saliva vdth which thej’- were bathed. 
The enamel was found to have exchanged, per gram, 0.00478 to 0.00850 mgm. 
phosphorus. The dentin had exchanged, per gram, 0.000638 to 0.00541 mgm. 
phosphorus. The teeth used in this experiment showed no evidence of caries 


ancl did not possess iioticea,ble crs^cks or floAvs, It is possiblOj-howBA^'orj ths-t 
there were direct channels through the enamel from the occlusal surface. A 
variation of the size or capacity of the channels would account for the fact that 
there was no relation between the relative amount of phosphorus exchanged by 
the enamel and dentin of the teeth of the three groups. Tins experiment indi- 
cates what may occur in the way of exchange between saliva and dentin in the 
case of teeth,^ which are not entirely normal, but which probably represent the 
avei age condition of continuity of the enamel of many molar teeth. 

In a similar in vitro experiment single-cusp human teeth were used. The incisal 
edge and any regions of the croim which, under magnification, remoteiy resembled 
a crack were covered iwth collodion. The teeth were left in contact wath 3 cc of 
a solution containing 160,000 counts of labeled phosphorus and 6.74 mgm. toM 

= The plasma of one animal was lost in centrifugation. 
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phosphorus for five days at a temperature of 38°. Tooth A was entirely covered 
with collodion and was used to determine the amount of phosphate which could 
traverse the collodion applied to the other teeth. It can be seen in figure 1 that 
this material is not absolutely impermeable to phosphate; nevertheless, the 
amount of labeled phosphorus acquired by this tooth was small. The bars 
labeled B represent the results in terms of uptake of phosphorus obtained on the 
analj’^sis of the enamel and dentin of a tooth entirely covered "with collodion 
except for an area of about 15 sq. mm. on the labial surface of the crown. It can 
be seen that considerably more radiophosphorus entered the enamel than was 
the case with tooth A. Since a significant exchange of phosphorus also occurred 
in the dentin, it must be concluded that this exchange occurred with the outer 
fluid and through the enamel. The bars marked C show the phosphorus ox- 



fig. 2 



Fig. 1. In vitro uptake of phosphorus by enamel and dentin of human teeth. 

Fig. 2. Specific activities of urine on the 103rd day and of calcified tissues on the 116th 
day following radiophosphorus administration to rats. 

change by the enamel and dentin in the case of a tooth noth a larger surface of 
the crown exposed to the solution. Here again the dentin acquired a small but 
measurable quantity of phosphorus through the enamel. 

The crown of tooth D was covered rvith collodion but the root, except for the 
apical foramen, was left bare. It tvill be noted that the phosphorus exchange in 
the direction of greatest to least was root dentin, then crown dentin, and finalb’’ 
the enamel. The situation udth regard to this tooth resembles that which would 
occur under in vivo conditions if exchange from the saliva were prevented. 
There can be little doubt that at least half of the labeled phosphorus which en- 
tered the enamel of tooth D migrated from the root dentin through the crown 
dentin. 

Eight mature albino rats were sacrificed 116 days after having received bj^ 
subcutaneous injection, a solution of sodium phosphate containing 23.5 X 10® 
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counts of radiophosphorus and 11.2 mgm. total phosphorus. The solution was 
distributed among the animals in proportion to the f power of their weight. The 
average specific activities of the femurs of the enamel and dentin of the molar 
teeth and of these fractions of the proximal and distal halves of the incisor teeth 
are compared in figure 2 ivith the specific activity of the urine on the 103rd daj’'. 
Hevesy (12) has shown that the value of the specific activity of the urine, several 
days after administration of labeled phosphorus, closely approximates that of 
the plasma inorganic phosphate. In this experiment eight determinations of the 
urine specific activity were made at regular intervals, beginning on the 22nd day 
following injection of the radioactive phosphorus. The average results were 
found to decrease slowly and steadily from a value 8.6 times that finally recorded 
on the 103rd day. After this time the activity of the urine became too weak to 
determine with accuracy. In the 13 days intervening between the last measure- 
ments of urine activities and the sacrifice of the animals, the specific activity of 
the urine must have decreased. Therefore, the value for specific activity of 
urine indicated in figure 2 is clearlj'’ higher than that of this fluid, or of the plasma 
inorganic phosphate, at the time the animals were killed. The active phosphorus 
content of the blood collected on the 116th day of the experiment was too low for 
accurate measurement. 

The activity of the molar enamel was slight but deflnitely significant. Even 
if the specific activity of the plasma inorganic phosphate had decreased, by the 
116th day, to a value equal to that of the molar enamel, it would not be possible 
to conclude that all of the phosphorus of the molar enamel had been renewed in 
116 days since a part of the labeled phosphorus had been incorporated in this 
enamel during the period when the plasma inorganic phosphate had a much 
higher activity than during the last days the animals lived. The specific ac- 
tivities of the tissues other than molar enamel, being higher than that of the 
plasma inorganic phosphate several days before the end of the experiment, indi- 
cates that the labeled phosphorus after entering these tissues left them more 
slowly than from the plasma. The same facts also show that, at the end of the 
experimental period, the radioactive isotope of phosphorus was leaving the same 
tissues at a more rapid rate than that at which they were acquiring this isotope. 
It will be noted that the enamel and dentin of the distal halves of the incisor 
teeth had considerably higher specific activities than those of the proximal 
halves of these teeth. This rcjsult is to be expected since the incisor is a con- 
tinuously erupting tooth and the distal portion was formed about 25 days before 
the proximal portion, at a time when the blood had a considerabty higher activity. 
The fact that the distal incisal enamel had a higher activity than the dentin is 
further evidence that enamel exchanges its phosphorus at a slower rate than does 
dentin since at the time of formation both the dentin and enamel must have had 
the same specific activity. 


SUMMARY 


Following the parenteral administration of radioactive phosphorus the uptake, 
5 days after the administration, of the isotope has been determined in the enamel^ 
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dentin, and bone of cats. In a similar experiment mth rats the uptakes of the 
labeled isotope were determined after 116 days. The existence of mechanisms 
for transport of phosphate from saliva to dentin via the enamel and from the 
blood to the enamel by way of the dentin has been established. The radio- 
phosphorus acquired by enamel of fully formed teeth is derived in part from the 
saliva but apparently in largest amount from the blood. The phosphorus of 
the enamel of molar teeth of rats is not completel 3 ’- renewed b}”- exchange in 
116 daj^s. 
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The source of the serum phosphatase^ has been the object of considerable in- 
vestigation. Kay (1) considers the phosphatases of serum and of the various 
tissues (bone, kidnej'’ and intestine) to be identical and that the phosphatase 
activity of the serum is due to “leakage” from tissues of higher content. A. 
Bodanskj’- (2) suggests a non-osseous source for serum phosphatase since he has 
observed elevated serum phosphatase levels after caiLohj^drate ingestion in young 
fasting dogs. He and other investigators (3) suggest the liver as a source of serum 
phosphatase in view of the elevated serum phosphatase values obtained in 
jaundice. Armstrong and Banting (4) showed that extirpation of various 
organs, including the liver, does not lower the serum phosphatase activity but 
may actually increase it. On this basis they consider the bone as the sole 
source of serum phosphatase. The observation that bone diseases of certain 
types result in highly elevated serum phosphatase activity has led certain in- 
vestigators (5) to believe that bone is a major source of the serum enzyme. A. 
Bodanskj^ (2) states that the serum phosphatase increase may be considered in 
bone disease to be of osseous origin, in liver disease to be of hepatogenous origin, 
and after the administration of carbohydrates probably to be of mixed origin. 
He suggests that the normal serum phosphatase is of diverse oi-igin. 

In previous investigations (6, 7) it has been shown that there is a distinct 
lowering of the serum phosphatase activity in both infantile and experimental 
scur-^o^ and that the subsequent administration of ascorbic acid results in an 
increase of the serum phosphatase activity. Because it might be expected that 
there would be a concomitant decrease in the phosphatase activity of the source 
of the serum enzyme, a study of the changes in the concentration of phosphatase 
in the tissues of scorbutic animals might throw considerable light on the source 
of phosphatase normally present in serum. 

In the pi esent investigation a study has been made of the phosphatase activity 
of the various tissues (including sera) from normal, scorbutic, and ascorbic acid- 
treated scorbutic animals uith a view to determining the source of serum 
phosphatase. 


^ Phosphatase as used in the present communication refers 
timum activity between pH 8.6-9.0. 


to the enzyme with an op- 
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Experimental. Guinea pigs of the desired age were separated into groups 
of 2 or 3 and housed in clean Yure cages. The animals were fed either a scurvy- 
producing diet, consisting of equal parts of skimmed milk (heated at 90° for 12 
hours), rolled oats and bran and supplemented by 1 cc. cod liver oil eveiy 4 to 5 
da 3 ’s, or a diet consisting of Purina soy bean meal chow and fresh vegetables. 
l^Tien ascorbic acid was to be given it was dissolved in water immediately before 
use and fed bj'- dropper. Animals fed the scorbutogenic diet invariabl}" showed 
clinical evidence of scurvj'- in 18 to 24 daj’-s. At autopsjq extensive hemorrhages 
and fragilitj'^ of the bones were alwaj’^s observed. Histological- and x-raj^ con- 
firmation of scurv 3 '^ were obtained. Wdien supplemented Avith adequate amounts 
of ascorbic acid the diet was adequate for normal growth of the animals, as was 
evident from the normal increase in weight of the animals and absence of all 
S3''mptomatology. 

Serum phosphatase determination. Blood for phosphatase estimations was 
obtained b 3 ’’ cardiac puncture under light ether anesthesia. A modification of 
the Bodansk 3 '^ method (6) using 0.5 cc. of fresh seiiim incubated with sodium 
^-gl 3 ^cerophosphate (Eastman Kodak) in veronal buffer at pH 8.6 in the presence 
of 0.009 M Mg (final cone.) for 60 minutes at 37°C. Acid-soluble inorganic 
phosphate was determined b 3 '’ the method of Fiske and Subbarow (8) using a 
photoelectric colorimeter. The activity is expressed in units, each equivalent 
to 1 mgm. of inorganic phosphorus liberated per 100 cc. of serum under the 
conditions of the experiment. 

Tissue phosphatase estimation. The follovang tissues were freshly excised and 
so selected that comparable sections were always taken : both ad^'enals; the proxi- 
mal half of the tibia; half a kidney (cut in sagittal sections); a section of the 
intestine 4-5 inches long taken about 2 inches from the pylorus; one-quarter inch 
on each side of and including the costochondral junction of the 4th to 7th ribs; a 
section of liver; the lower incisors, including the jaw. The tissues were ground 
in a mortar vnth 10 cc. of chloroform-water and allowed to stand in the refrigera- 
tor for 24 hours vdth periodic shaking. The estimation of phosphatase activity 
was carried out as described for serum phosphatase. The results are expressed 
both as units per 100 cc. of extract and as units per 100 mgm. dr 3 '’ weight of 
tissue. 

In table 1 the data for the analyses of the skeletal tissues of a number of 
animals are presented. The data for the other tissues anal 3 '-zed are not presented 
because the 3 ' confirm the observations of Harrer and King (9), that there are 
no significant differences in the phosphatase activity of intestinal mucosa, kidney 
and liver of normal and scorbutic guinea pigs. In addition to these tissues, no sig- 
nificant alterations in the activit 3 '^ of the adrenals of normal and scorbutic animals 
were found. It can be seen from table 1 that the changes are most marked in the 
case of bone (tibia) phosphatase. The results expressed on a dry weight basis 
are not sufficiently descriptive because. the bulk of the weight of the bone repre- 
sents inactive tissue. There are also variations in size of bone as a result of 

~ Histological examinations were carried out through the courtesy of Dr. Sidney Farber 
and Dr. Nathan Rudo, to whom we express our sincere thanks. 
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differences in age of the animals. In addition, the results expressed on a dry- 
weight basis do not adequately take into account the decreased weight of bone 
due to rarefaction in scurvy. A -comparison of the average weights of com- 
parable bone sections from normal animals (212 mgm.) and scorbutic animals 

TABLE 1 

Phosphatase activity of hlood, hone {tibia ) , rih and tooth of normal, scorbutic and ascorbic add- 
treated guinea pigs expressed in units {milligram of acid soluble inorganic phosphate liberated 
from sodium-P-glycerophosphate at pH 8.6 in presence of 0.009 M Mg** in 1 hour at 37 C.) 
per 100 ml. of extract and per 100 mgm. dry weight of tissue 
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PHOSPHATASE ACT1\'1TY 



cs 

B 

a 



. Bone 1 

Rib 

Tooth 1 

1 


p 

< 

S 

S 

< 1 

AGE 

i 

Blood, 
(units) 
100 ml. 
serum j 

Units 

per 

100 

cc. ex- 
tract 

Units 1 
per 1 
100 

mgm. 1 
tissue i 

Units 

per 

100 

cc. ex- 
tract 

jUnits 
i per 
100 
'mgm. 

1 tissue 

Units 1 
per 1 
100 

cc. ex-| 
tract j 

Units 

per 

100 

mgm. 

tissue 

REMARKS 


Normal animals 



weeks 


1 

1 

1 



1 


1 

6 

22.5 

87.4 

3.9 

33.2 

2.6 

66.7 

2.1 

Diet; Purina chow and fresh vege- 

2 ■ 


20.7 

110.0 

7.9 

42.4 

5.0 

80.0 

2.2 

tables 

3 

6 

14.7 

83.0 

4.3 

31.0 

3.2 

48.9 

1.9 


4 

6 

23.0 

91.0 

4.4 

38.0 

4.8 

66.7 

2.2 1 


5 

11 

5.5 

63.6 

4.4 



38.0 

1.1 


6 

11 

8.8 

68.1! 

2.6 1 

15. Oi 

1.3 1 

60.0 

1.3 

On vegetable diet supplemented with 







! 



6 mgm. ascorbic acid daily for 5 
weeks 


Animals on scorbutogenic diet supplemented with 1 mgm. ascorbic acid daily 


7 

10 

24.7 

69.8* 

3.3 

25.6 

2.4 

36.6 

1.0 ' 

On diet 4 weeks 

8 

11 

10.8 

81.51 

3.9 

17.61 

2.0 

26.81 

0.5 ' 

On diet 5 weeks 

9 

11 

4.9 

41.4 

2.1 

12.0 

1.4 

24.5 

0.7 

On diet 5 weeks 

10 

10 ! 

3.2 

21.1 

1.0 

5.9 

0.6 

37.8 

1.0 

On scorbutogenic diet supplemented 






1 



i 

1 

with 1 mgm. ascorbic acid daily for 
5 weeks. Scorbutic. 

Animals on 

scorbutogenic diet supplemented with 6 mgm. ascorbic acid daily 

11 

11 

9.3' 

64.3 

2.8 

13.5 

} 1.9 

24.9 

0.7 

On diet 5 weeks 

12 

11 

12.51 

58.2 

2.2 

17.1 

i 

27.8 

0.7 

On diet 5 weeks 

13 

11 

9.0 

54. Oj 

1.9 

21.1 

1 2.2 

24.1 

0.7 

On diet 5 weeks 


Animals on unsupplemented scorbutogenic diet (scorbutic animals) 


14 

8 

4.5 

37.8 

3.3 

24.7 

3.7 

47.1 

1.8 

On diet 15 da3's 

15 

9 

5.7 

26.8 

1.7 

14.0 

1.6 

29.2 

0.7 

On diet 3 weeks 

16 

9 

3.5 

20.9 


8.0 

1.6 



On diet 3 weeks 

17 

9 

2.6 

24.5 

1.7 

12.2 

1.4 

28.1 

1.0 

On diet 3 weeks 

IS 

9 

2.9 

17.5 

1.3 

11.3 

1.4 

38.3 

1.2 

On diet 3 weeks 

19 

9 

1.8 

11.4 

1.1 

6.4 

1.1 

40.7 

1.2 

On diet 3 weeks 

20 

10 

2.5 

17.6 

1.2 

10.6 

1.4 

24.2 

0.7 

On diet 4 weeks 

21 

11 

3.0 

12.5 

1.2 

9.7 

1.1 

17.7 

0.5 

On diet 5 rveeks 
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TABLE 1 — Concluded 
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Scorbutic animals treated with ascorbic acid 


22 

weeJ^ 

10 

14.2 

74.0 

3.1 

9.0 

0.9 

23.6 

0.7 

Scorbutic, treated with 0.5 mgm. 

23 

12 

9.6 

102.0 

3.7 

33.7 

3.2 

1 

[ 

50.4 

1 

1.2 

ascorbic acid daily; total given, 
3 mgm. 

Same as 22 except that total given 

24 

11 

10.4 

57.2 

3.8 

11.9 


23.6 

0.7 

was 5 mgm. 

Treated with 1.0 mgm. ascorbic acid 

25 

13 

9.5 

195.0 

8.0 

102.4 

11.9 

77.4 

2.0 

daily; total, 6 mgm. 

Treated with 3 mgm. ascorbic acid 

26 

9 

0.7 

38.4 

1.6 

10.6 

i 

1.6 

43.2 

1 

daily; total, 27 mgm., then fed 
scorbutogenic diet 13 days then 
treated again in same way 
Scorbutic, treated with 6 'mgm. 

27 

! 

14 

9.0 

72.5' 

2.6 

12.4' 

0.9 

17.6 

0.4 

ascorbic acid for _3 days, died of 
pneumonia '} 

Treated with 6 mgm. daily, total 78 

28 

10 

8.0 

62. 7' 

3.0 

41.4^ 

4.7 

55.1 

1.8 

mgm. 

Treated with 6 mgm. daily, total 24 

29 

12 

14.8 

80.6 

2.7 

26.3 

1.9 

33.0 

1.1 i 

mgm. 

Treated with 6 mgm. dailj', total 78 

30 

12 

10.6 

71.5 

3.1 

16.6 

1.4 

16.5 

i 

0.4 i 

mgm. 

Treated with 12 mgm. daily, total 








i 

1 

96 mgm. 


that received treatment (241 mgm.) vdth those from scorbutic animals (151 
mgm.) indicates quite clearl}’’ that an anatysis of activity on the basis of the 
activities of extracts, similarly prepared from comparable sections is more 
significant. 

The decrease of phosphatase activity of scorbutic bone (tibia) is definite and 
parallels the decrease in the serum activity of scorbutic animals. With treat- 
ment, even for as short a time as six da 5 '^s and vdth doses as small as 0.5 mgm. 
ascorbic acid dailj^, there is an increase in the bone phosphatase. On the other 
hand, the administration of large doses of ascorbic acid to normal animals does 
not result in an increase in bone phosphatase significantly above normal. With 
a few scorbutic animals (animals 23 and 25) the administration of rather large 
doses of ascorbic acid resulted in elevated levels in the bone. The increase in 
bone phosphatase activity when ascorbic acid is administered to scorbutic 
animals is not proportional to the dose given, either to daily intake or to total 
ascorbic acid administered. This has been shown to be the case vath serum (7) • 

In respect to the phosphatase activity of rib the differences are not so pro- 
nounced as in the tibia. There is, however, a definite decline in the rib phos- 
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phatase in scurvy and a somewhat slower recovery than in the tibia following 
treatment. In the case of the activity of tooth phosphatase, from the data 
available, no significant differences can be observed. It is possible that with the 
method employed small changes in phosphatase activity of the tooth might be 
obscured by the presence of a large amount of jaw contained in the tooth samples. 

It should be pointed out that there is a decrease in the activity of phosphatase 
of bone, rib and teeth with increasing age of the animal. Robison (10) has 
demonstrated similar decreases in bone phosphatase with increasing age for a 
number of species. It is for this reason that the data for each animal are 
presented separately. 

Osteoblasts as source of serum phosphatase. The decrease or increase in bone 
phosphatase activity and the concomitant fall or rise in the serum phosphatase 
in active scurvy or after vitamin C administration, whereas other tissue phos- 
phatase variations do not appear to be significant, suggest rather strongly that 
the source of the serum phosphatase is largely, if not entirely, the bone. 

It has been shown by Wolbach and Howe (11) that in scurvy the connective 
tissue cells of the marrow of scorbutic animals are migrated osteoblasts which 
have reverted to fibroblasts. In the scorbutic process, therefore, we may have 
a state of modified osteoblastic activity or a diversion of osteoblastic activity 
from bone formation. The phosphatase activity of bone appears to reflect the 
activity of the (^steoblasts. In active scurvy where these cells are relatively 
inactive the contyntration of the enzyme is markedlj’' reduced and this is re- 
flected in a low serum phosphatase. Upon treatment of the scoihutic animal 
noth ascorbic acid a return of normal osteoblastic function ensues and there is 


a concomitant increase in the activity of the bone and serum phosphatase. Thus 
our findings are in agreement with the conclusion of Robison (10) that the bone 
phosphatase is of osteoblastic origin. 


Nature of the serum phosphatase in scurvy. {Bile salt differentiation.) 0. 
Bodansky (12), using 0.067 M taurocholate or glycocholate, inhibited bone and 
kidney phosphate activity about 50 per cent, while intestinal phosphatase ac- 
tivity was not inhibited. Unfortunately, he did not study guinea-pig prepara- 
tions. He used “semipurified” preparations isolated from 2 to 5 day autolj^sates 
at room temperature rather than fresh tissue extracts. To the small amount of 
phosphatase that remains in the sera of scorbutic animals, bile salts were added 
in an attempt to determine whether this residual phosphatase activity might 
possibly be of intestinal origin. In addition, a series of experiments was carried 
out on freshly isolated guinea-pig bone, kidney, and intestinal extracts (24-hour 
extract with CHCls-water at 10°C.). Estimations were made, as described 
previously, except that where indicated the reaction mixture contained the indi- 
cated concentration of bile salts or sodium taurocholate. 


An analysis, of table 2 shows that when 0.072 M taurocholate is used ulth fresh 
extracts of gumea-pig intestine, there is definite inhibition of phosphatase 
activity but of a lesser degree than is obsen^ed for bone or kidney phosphatase. 
If the taiirodio ate concentration is lowered to 0.009 M intestinal phosphatase 
IS not inhibited whereas bone and kidney phosphatases do show definite in- 
hibition. If autolysis is prolonged over a period of 5-6 days the taurocholate 
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inhibition of intestinal phosphatase is decreased and in some cases disappeared. 
Rabbit intestine phosphatase prepared by the method used in the present stud}'- 
sho-wed no inhibition with 0.067 M or 0.072 M sodium taurocholate indicating a 
definite difference between guinea-pig intestinal phosphatase and those of the 
various species studied by 0. Bodansky (12). 

Serum phosphatase estimations of a number of normal and scorbutic animals 
were carried out in the absence of bile salts or sodium taurocholate and in the 
presence of 0.4 per cent bile salts or 0.009 or 0.072 M sodium taurocholate. The 
results shown in table 2 indicate no significant differences in the degree of in- 
hibition of the sera of normal and scorbutic animals. While this does not indi- 
cate that the residual activity normally encountered in the sera of scorbutic 

TABLE 2 


Inhibition of bone, kidney, intestine, and serum phosphatases by soduim taurocholate 

and bile salts* 


TISSUE 

1 TAUBOCHOIiATE 

BILE SALT 

Number of 
samples 

0.009 JI 

1 

0.072 M i 

Number of 
samples 

0.4 per cent 



per cent 

per cent 


per cent 



inhibition 

inhibition 


inhibition 

Bone 

3 

21 

53 

4 

42 

Kidney 

3 

21 

54 

4 

41 

Intestine 

10 

4 

35 

12 

26 

Bloodt 

2 


53 

9 

43 

(normal) 

4 

26 




Blood 

3 


53 

9 

42 

(scorbutic) 

5 

25 1 





* Sodium taurocholate (Hoffmann-La Roche). Bile salt (Fairchild, mixture of sodium 
taurocholate and glycocholate) . 

t Average normal serum phosphatase, 11.6 units. Average scorbutic phosphatase, 3.5 
units. 

animals is of osseous origin it does indicate that it is not largely of intestinal 
origin. Inasmuch as the serum phosphatase level in scurv}' has approached 
zero in a number of instances and in view of the fact that the bulk of the serum 
phosphatase has been identified as of osseous origin, it is not unlikely that all of 
the serum phosphatase under normal conditions originates in the bone. 

SUMMARY AND CONCLUSIONS 

The phosphatase activity of the tissues of a large group of normal and scorbutic 
guinea pigs was studied. No significant differences between the phosphatase 
activity of normal and scorbutic guinea-pig intestinal mucosa, kidney, adrenal 
or liver were observed. 

The phosphatase activity of bone (tibia) from scorbutic animals is strikingly 
decreased. In rib the decrease is not so pronounced. With recovery from 
scuiw}’^ the bone phosphatase is restored to its normal activity. The fall in bone 
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phosphatase activity parallels the fall in serum phosphatase activity and ivith 
the administration of ascorbic acid there is a concomitant rise in the blood and 
bone phosphatase. 

These findings together with the histological findings in scurvy suggest that 
osteoblasts are the source of the serum enzyme. 

The inhibitory effect of bile salts suggests that the small amount of phos- 
phatase activity remaining in the serum in severe scurvy is not of intestinal 
origin. 
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The anesthetic effect of parenterally administered magnesium salts was dem- 
onstrated by Meltzer and Auer in 1905, and the serum concentrations necessary 
for this action were investigated bj'’ Neutvirth and Wallace in 1929. The effect 
of magnesium salts in inhibiting pain reactions elicited b}'' intra-arterial injections 
of potassium chloride or acids was demonstrated by Moore (1934), and the use 
of magnesium sulfate to relax muscle spasm in tetanus, suggested b}'' Meltzer 
and Auer, was reviewed by Moore and Singleton (1939). 

The present study concerns 1, the fatal blood level of magnesium ion; 2, the 
respiratory nature of death caused bj’’ magnesium administration; 3, the antag- 
onism of calcium and magnesium, and 4, the serum level of magnesium necessary 
to prevent pain reactions elicited by intra-arterial injections of potassium 
chloride. Furthermore, although onl}'' one case of tetanus was available for 
study, by administering to normal patients the dose of magnesium sulfate found 
effective in tetanus we have estimated 5, the antitetanic blood level of mag- 
nesium ion. 

Methods. Experiments were performed upon 70 cats and upon 6 dogs, 
anesthetized Mth a barbiturate (sodium am 5 dal, nembutal) or with ether. 
Continuous intravenous injections were made using 2.16 per cent MgCL-OHaO, 
which is isotonic ■ndth blood. The injections were made from a burette. into the 
brachial or the saphenous vein. The rate of injection approximated 1.0 cc. per 
minute in cats or 4.0 cc. per minute in dogs. Blood samples for analysis were 
taken from the inferior vena cava in the case of brachial injections, from the 
heart with saphenous injections. Magnesium determinations were made, at 
first on plasma and later on serum, by the method of Hirschfelder and Series 
(1934), modified in that the color comparison was made using a series of standards 
in uniform test tubes. In experiments in which the seiiim calcium was also 
determined the Clarlv-Collip modification of the Kramer-Tisdall method (1925) 
was used. 

In determining the serum level of magnesium required to prevent the pain 
reactions elicited bj’' intra-arterial injections of potassium chloride, tests were 
made according to the method of Moore (1934). Three isotonic test solutions 
were used: 1, isotonic KCl (1.15 per cent), 2, a mixture of 7 parts isotonic KCl 
and 3 parts isotonic NaCl (0.8 per cent KCl), and 3, a mixture of 4 parts isotonic 
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KCl and 6 parts isotonic NaCl (0.46 per cent KCl). men enough magnesium 
chloride had been given to prevent pain reactions from the 0.46 per cent KCl 
mixture a blood sample was taken and the magnesium level deterimned. Tests 
were then continued with the 0.8 per cent KCl mixture until it failed to elicit a 
response when another blood sample was taken. Finally the magnesium 
chloride injection was continued until the reaction to pure isotonic KCl had 
disappeared. 

Results and discussion. The fatal blood level of viagnesium ion and the 
respiratory nature of magnesium death. Continued intravenous administration 
of magnesium chloride caused a gradual decrease in the respiratory rate followed 
by a characteristically abrupt cessation of respiration. Moreover, prior to 
death the heart beat was noticeably slowed. In 13 cats under nembutal or 
sodium amytal anesthesia the serum magnesium concentration found at death 
averaged 24.7 mgm. per 100 cc. (range— 21.0 to 31.0 mgm.), while in 2 dogs under 
nembutal anesthesia the magnesium levels at death were 24.0 and 32.0 mgm. per 
100 cc. When ether was used for anesthesia and the ether discontinued after 
sufiicient magnesium chloride had been administered to keep the animal quiet, 
considerably higher fatal levels wei’e obtained. Thus, in 7 cats which were 
given ether the serum magnesium concentration at death averaged 33.0 mgm. 
per 100 cc. The range (23.0 to 50.0 mgm.) was greater than vdth barbiturates, 
probably because of variation in the amount of ether used. Similarly, in 4 dogs 
under ether, death levels were 26.0, 30.0, 48.0 and 54.0 mgm. per 100 cc. 

That sublethal doses of magnesium chloride are innocuous was demonstrated 
in 7 animals in which the experiment was performed aseptically and the mag- 
nesium injection discontinued before the stage of respiratory paralysis. Al- 
though the serum magnesium concentration had reached 20 to 27 mgm. per 
100 cc. the animals recovered without apparent ill effect. In 4 unanesthetized 
animals 25 per cent magnesium sulfate was given subcutaneously (0.9 gram per 
kgm. body weight) and the animals survived, the blood concentrations ranging 
from 23 to 34.0 mgm. per 100 cc. 

These experiments indicate that when magnesium is used in anesthetic doses 
the only serious danger lies in the possibility of respiratory death through slight 
overdose. This conclusion was verified by 5 experiments in which respiration 
was maintained artificially. The heart beat remained perceptible to palpation 
until a serum magnesium level averaging 60.3 mgm. per 100 cc. was reached 
(range — 42.0 to 72.0 mgm.). 


Antagonism of calcium and magnesium. Meltzer and Auer recommended the 
use of calcium salts to counteract the respiratory depression resulting from over- 
doses of magnesium. The value of calcium ion in this respect was demonstrated 
by us in 6 experiments in which a double-isotonic magnesium-calcium mixture, 
containing isosmotic concentrations of the two chlorides, was injected. In these 
animals the magnesium level at death averaged 65.8 mgm. per 100 cc. (range— 

fo ^ averaged 36.9 mgm. per 100 cc. (range- 

28 to 50.6 mgm.). Furthermore, when death occurred it was characterized by 
a sudden weakness and irregularity of the heart beat, with respiratory move- 
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ments persisting. On opening the chest it was noted that although the heart 
was moderately contracted it did not appear to be in calcium rigor; we presume 
that the high magnesium concentration accounted for this. 

Serum level of magnesium 'preventing pain reactions elicited by intra-arterial 
injections of potassium chloride. In these experiments some ver}’' interesting 
results were obtained. In the animals Math preliminary ether anesthesia it was 
noted that the serum magnesium concentration required to abolish the pain 
reactions elicited by the isotonic mixture containing 0.46 per cent KCl was 
approximately that required to abolish the pain of skin incision. The concen- 
tration effective in preventing pain reactions from the mixture containing 0.8 
per cent KCl was that which produced average surgical anesthesia permitting 
laparotomy and manipulation of the viscei’a. On the other hand, reactions to 
the injection of pure isotonic KCl persisted until the serum magnesium con- 
centration approached lethal values. In 15 experiments with ether the mag- 
nesium concentration preventing stimulation b}*- 0.46 per cent KCl or by skin 
incision averaged 15.1 mgm. per 100 cc. (range — 11.7 to 18.0 mgm.). In the 
same experiments it was necessary to attain a magnesium concentration of 23.5 
mgm. per 100 cc. (range — 18.5 to 27.0) in order to prevent stimulation by 0.8 
per cent KCl or bj'’ laparotomy. Most of the cats were dying from respiratory 
depression by magnesium at the time the reaction to pure isotonic KCl dis- 
appeared. 

In animals under light nembutal anesthesia comparable analgesic effects were 
obtained with lower magnesium concentrations. The stage of surgical anesthesia 
was reached and the reactions to 0.8 per cent KCl disappeared when the serum 
magnesium reached 12 to 13 mgm. per 100 cc. Moreover, the response to 
isotonic KCl (1.15 per cent) was abolished at magnesium concentrations of 20 
to 22 mgm. per 100 cc. It is apparent from these experiments that the an- 
algesic actions of magnesium and nembutal are additive. 

The anlitetanic blood level of magnesmm ion. On the basis of clinical studies, 
Isloore and Singleton (1939) recommended the intramuscular injection of 25 per 
cent magnesium sulfate combined with luminal for the conti'ol of muscle spasm 
in tetanus. In their cases an injection of 4 to 10 cc., depending upon the bodj^ 
weight, was given at four-hour intervals. 

In ten convalescent hospital patients the normal serum magnesium concen- 
tration was 2.7 to 4.6 mgm. per 100 cc. (average — 3.8). In four adult patients 
a single injection of 10 cc. of 25 per cent magnesium sulfate was given and the 
serum concentration followed for some houi’S. The maximum elevation to 6.0- 
6.5 mgm. per 100 cc. was attained between one and two hours after injection; 
the concentration then diminished slowly until at end of 12 hours it approached 
the original level. In two patients the same amount of magnesium sulfate was 
injected subcutaneouslj’' in isotonic solution. Elevations of serum magnesium 
to 6.5 and to 5.5 mgm. per 100 cc. were obtained after 2 and 3 hours respectively. 

The effect of repeated injections is illustrated by determinations in the one 
case of tetanus which was available. The patient, a boy of twelve j'^ears, was 
given 4 cc. injections of 25 per cent magnesium sulfate at two-hour intervals for 
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48 hours. The highest concentration obtained was 7.0 mgm. per 100 cc. The 
tetanus remained uncontrolled. Later, the same dosage at three-hour intervals, 
combined with luminal, relieved muscle spasm. ' After 72 hours of this treatment 
the serum magnesium concentration was 6.5 mgm. per 100 cc. These observa- 
tions indicate that with repeated doses no dangerous cumulative effect occurs. 

SUMMARY 

Continued intravenous administration of magnesium salts to cats and dogs 
produces anesthesia. In cats with preliminarj’- etherization death from sudden 
respiratory collapse occurs at serum magnesium concentrations averaging 33.0 
mgm. per 100 cc. In cats in which magnesium administration is combined with 
light sodium amytal or nembutal anesthesia the lethal serum concentration is 
distinctly lower, averaging 24.7 mgm. per 100 cc. Essentially similar results are 
obtained in dogs. 

Higher serum magnesium concentrations are tolerated if respiration is main- 
tained artificially or if calcium salts are administered. If magnesium adminis- 
tration is terminated before death, the animal survives, apparently uninjured. 

With preliminary ether anesthesia, serum magnesium concentrations of about 
15 mgm. per 100 cc. prevent pain reactions elicited by skin incision or bj”- intra- 
arterial injection of an isotonic KCl-NaCl mixture containing 0.46 per cent ICCl. 
Serum concentrations of about 23 mgm. per 100 cc. provide satisfactory surgical 
anesthesia and prevent pain reactions from intra-arterial injection of a mixture 
containing 0.8 per cent KCl. Near-fatal concentrations are required to prevent 
reactions to the strong stimulation of pure isotonic KCI (1.15 per cent). In 
contrast, \vith combined barbiturate and magnesium anesthesia, the magnesium 
concentrations required for these effects are significantly lower. 

From studies in one case of tetanus and in normal patients given magnesium 
sulfate in doses used in tetanus, it appeam that dangerously high serum concen- 
trations of magnesium are not required for effective antitetanic action. 
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In a recent investigation (1) it was found that the calcium concentration of 
gastric secretions, as a rule, varied inversely with the acidity of the secretions. 
This relationship was seen most convincinglj’' in the differences between secre- 
tions of the vagal and histamine type produced alternately in an animal.^ 
The source of the calcium and its relationship to acidity changes interested us. 
Experiments in which changes in acid placed in the stomach were determined 
before and after the production of mucus were supplemented by in vitro ex- 
periments in which mucus was exposed to acid in a flask. Evidence was thus 
obtained that mucus is a source of calcium and an important factor in acidity 
reduction. This provided an explanation for calcium and acidity variations 
in gastric secretions. 

Experiment.^l procedure. Cats fasted 24 hours were given chloralose- 
urethane intravenously’’ under ether. The trachea was cannulated, the duo- 
denum tied off, and the esophagus blocked by means of a cork dra-rni up through 
the cardia and held in place by stitching the cord to which it was attached 
through the wall of the eosphagus in the neck. The stomach was fistulated, 
a Mde glass tube being used. In an hour’s time the vagi were cut, the stomach 
washed Awth warm normal saline and the e.xperiment proper begun. In the 
control period three samples (either 7 cc. or 15 cc.) of isotonic HCl of known 
strength (130 or 160 m.eq./l.) were placed successively at 15-minute intervals 
in the stomach. The acid was removed completely’’ at the end of each interval 
by draining it into a measuring tube. It was filtered and analy-’sed for calcium, 
and free and total acidities as in the pi-evious work (1). An hour was then 
allowed to elapse before the introduction of a mucus-producing agent (either 
1 per cent acetic acid for 4 hour or 80 to 95 per cent alcohol for 5 min.). One 
hour after the removal of this agent three samples of HCl were successively 
introduced as in the control period. This procedure permitted a comparison 

1 Since this paper was written work by Gray and Bucher (2) has been published, which 
has confirmed the inverse relationship between calcium concentration and acidity. These 
workers conclude from their statistical calculations that the calcium is derived from the 
non-parietal fraction of gastric secretions, which agrees with our previous findings (1) that 
at the height of secretion of the histamine type the calcium concentration is either very low 
or it may disappear entirely, while secretion produced at the same rate through vagal 
faradization in the same animal contains relatively large amounts of calcium. 
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to be made of the acidity reduction in the stomach before and after the produc- 
tion of considerable quantities of gastric mucus. 

In some of these experiments the mucus was collected from the stomach 
after the last sample of acid had been removed, measured in a 15 cc. gradu- 
ated centrifuge tube, a known portion ashed for calcium and the remainder 
exposed to a sample of control HCl in a flask. (The volume of HCl used was 
calculated to give approximately the ratio of acid to mucus which had existed 
in the stomach.) The flask was left in some cases for 16 minutes at 37°C., 
and in a few other cases overnight in the refrigerator. Care was taken to avoid 
mixing in order to prevent the mucus mass from being broken up, and, as a rule, 
the mucus and acid recovered finallj'’ were within a few tenths of a cubic centime- 
ter of their original volumes. On the recovered acid, calcium and acidity were 
determined, while on the recovered mucus calcium was estimated. In another 
series mucus which had not been exposed to HCl introduced into the stomach 
was collected and exposed to HCl in a flask, but in these cases three samples of 
acid were added successively at 15-minute intervals as in the in vivo experi- 
ments, each being recovered and finalty vdth the recovered mucus analysed 
separately. In this series the volume of mucus was smaller in proportion to 
the volume of HCl used, than under the in vivo conditions, since without doubt 
a certain unknown amount of mucus would have remained on the surface of 
the stomach and escaped being collected. 

Mucus was examined microscopical^ in the fresh state with dim illumination. 

Results. The acidity reduction and calcium uptake in acid placed in the 
stomach before and after the production of mucus by alcohol or by acetic acid 
are showu in table 1. For the two strengths of acid used the differences in 
results were insignificant. The volume of HCl introduced, however, influenced 
the relative changes, in agreement with Toerell’s findings (3) ; so it was impor- 
tant to keep this factor constant. 

In the control and mucus groups the acidity reduction and calcium uptake 
w'ere always greatest in the first 15-minute period and progressively fell off. A 
great increase over the control values w^as found in the extent of acidity reduc- 
tion and calcium uptake by HCl in stomachs containing mucus. 

That these changes were due to mucus and not to other factors at w’ork in the 
stomach was showm by the results of in vitro experiments given in tables 2 and 
3. The fiist series (table 2) show’ed that mucus w^as a soui'ce of calcium and an 


important factor in acidity reduction. The results w'ere of more qualitative 
importance than quantitative, since the volumes of mucus available in indi- 
vidual expeiiments were too small for quantitatwe accuracy, and the mucus 
in these cases had been exposed to HCl introduced into the stomach before it 
was collected for the in vitro experiments, which made the original calcium 
concentration low. In the second series (table 3), mucus wfiiich had not been 
exposed to HCl m the stomach was exposed to HCl in flasks under conditions 
analogous to those of the in vivo experiments. The results were similar to 
those found when the procedure was carried out in the stomach (for compari- 
son see table 4), taking into consideration the fact that neutralization by a cer- 



498 


EHODA GRANT 


tain amount of mucus undoubtedly remaining in the folds of the stomach would 
be effective in vivo but left out of the reckoning in vitro. The calcium concen- 
tration of the mucus originally was calculated from the calcium recovered in 
the acid samples + that recovered finally from the mucus. 


TABLE 1 


Summary of results for acidity reduction and calcium uptake 

introduced into the stomach 


in isotonic HCl solutions ■ 


GBOCP AND PERIOD 


Control: with 7 cc. HCl (130 
m.eq./l.) : 

Period 1 

Period 2 

Period 3 

Control: with 15 cc. HCl (130 
m.eq./l.): 

Period 1 

Period 2 

Period 3 

Control: with 7 cc. HCl (160 
m.eq./l.): 

Period 1 

Period 2 

Period 3 

Mucus after alcohol: with 7 cc. 
HCl (160 m.eq./l.): 

Period 1 

Period 2 

Period 3 

Mucus after acetic acid: with 7 cc. 
HCl (130 m.eq./l.): 

Period 1 

Period 2 

Period 3 


ACIDITY REDUCTION 

NUMBER 
OF CATS 

CAWIUM UPTAKE 

NUMBER 
OF CATS 

Average 

Range 

Average 

Range 

m.eq./l. 

m.eq./l 

■ 

mgm.l 
too cc. 

mgm./lOO cc. 


35 

\ 

\ 

29- 40 


0.42 

0-0.72 

5 

16 

12- 22 


0.21 

0-0.58 

5 

13 

11- 16 

7 

0.09 

0-0.48 

5 

19 

17- 22 

3 

0 

0 

3 

9 


3 

0 

0 

3 

7 

6- 7 

3 

0 

0 

3 

39 

27- 44 

8 

0.08 

0-0.35 

8 

1 23 

17- 32 

8 

0.11 

0-0.50 

8 

19 ^ 

14- 28 

8 

0.13 

0-0.35 

8 

95 

79-119 

12 

2.38 

1.00-4.75 

12 

68 

53- 89 

12 

2.06 

0.90-3.50 

12 

56 

44- 84 

12 

1.54 

0.90-2.40 

12 

61 

45- 79 

7 

2.29 

1 

1.77-3.20 

6 

38 

24- 57 

7 

1.33 

0.85-1.90 

6 

25 

15- 43 

7 

0.77 

0.30-1.75 

6 


The variations from one experiment to another would probably have been 
less had the size of the stomach, which governed the amount of mucus pro- 
duced, been under control. The volumes of mucus produced varied from 3 cc. 
to 7 cc. Macroscopically, this mucus which was alkaline to litmus, could be 
described as opaque, greyish-white and of a jelly-like consistency, and indis- 
tinguishable from mucus frequently seen in gastric secretions of the dog. Micro- 
scopic examination of a fresh unstained sample with dim illumination showed 
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that it contained, suspended in transparent material (mucus), uhich included 
globules of various sizes, very great numbers of cells which by their appearance 
and from the fact that they took up mucicarmine were identified as mucus- 
secreting cells. This opinion was supported by the report of Dr. H. Seljm, 
who kindly examined the mucus vdth nuclear stains. These cells, however, 
were identified more clearly in fresh mucus. Vagal secretion, which is not as 
liquid as histamine secretion but usually viscous to varying degrees although 
seldom to the degree which could, be described as jell 3 ’^-like, was transparent 
and showed no cellular elements when examined microscopicallj’. The same 
cell was found in mucus secreted spontaneously in the dog and cat. 

TABLE 2 


Loss of calcium from gastric mucus after exposure in vitro for 15 minutes to HCl with original 

acidity of 130 m.eq./l. 


CALCIUM IN MUCUS* 

CALCIUM LOSS 
FBOM MUCUS 

CALCIUar GAIN 

BY ACID 

LOSS OF ACIDITY 

Before exposure to acid 

After exposure 
to acid 

ingm./lOO cc. 

mgm. 

mgm. 

mgm. 

7ngm. 

m.eg./l. 

3.50 

0.115 

0.018 

0.097 

0.101 

41 

4.69 

0.082 

0.000 

0.082 

0.067 

■23 

4.69 

0.090 

0.034 

0.056 

0.060 

19 

2.60 

0.052 

0.000(?) 

0.052 

0.024 

24 

2.20 

0.051 

0.013 

0.038 

0.042 

34 

4.47 

0.156 

0.046 

0.110 

0.093 

36 

1.16 

0.035 

0.022 

0.013 

0.008 

35 

1.73 

0.052 

0.030 

0.022 

0.012 

12 

2.40 

0.084 

0.040 

0.044 

0.053 

18 

3.11 (?) 

0.096 

0.048 

0.048 

0.134(?) 

38 

1.80 

0.036 

0.000 

0.036 

0.000(?) 

10 

1.55 

0.026 

0.000 

0.026 

0.028 

29 

2.40 

0.034 

0.000 

0.034 

0.012 

15 

5.81 

0.154 

0.062 

0.092 

0.066 

41 


* The mucus in all cases had been exposed to HCl in the stomach before it was removed 
for fn OTlro experiments. The original calcium concentration averaged 3.01 mgm./lOO cc. 
with variations from 1.16 to 5.81 mgm./lOO cc. 


Although I did not succeed in obtaining an alkaline vagal secretion at vfill in 
cats, as Vineberg (4) has reported for dogs, by using a weak induced shock, 
nevertheless in one experiment on a dog increase in strength of stimulus fol- 
lowing a period of weak stimulation produced an alkaline secretion of 8.4 cc. 
in 15 minutes. This had a calcium concentration of 8.3 mgm./lOO cc. and a 
pepsin value of only 28 Mett units. 

Discussion. It appeared improbable that the calcium source was either 
the parietal or the peptic cell since we had found that the calcium disappeared 
from gastric juice at the height of the secretion under conditions when chiefly 
the Pai;ietal cells (histamine) or the peptic and parietal cells (sham-feeding— 
unpublished data), were functioning. In addition, Stavraky (10) had found a 



TABLE 3 


In vitro experiments: Acidity reduction and calcium uptake in HCl with original acidity of 
130 7 n.eq.fl. after exposure of fresh 7-cc. samples to mucus in 3 successive 15-mimite periods 

in a flask 


CAT 

PERIOD 

ACIDITY 

REDUCTION 

CALCIUM 

UPTAKE 

CALCIUM 

IN MUCUS 
ORIGINALLY* 

VOLUMES OF HCl AND 
MUCUS USED 

MUCUS-PRO- 
DUCING AGENT 



m.eq./l. 

mgm./lOO cc. 

mgm.ltOO cc. 



1 

1 

40 

1.80 


2.8 cc. mucus -f 

1% acetic 


2 

17 

1.05 


7.0 cc. HCl 

acid 


3 

9 

0.35 

« 



2 

1 


0.90 

6.00 

3.0 cc. mucus -f 

70% alco- 


2 

15 

0.65 


7.0 cc. HCl 

hoi 


3 

6 

0.45 




3 

1 

46 

1.85 

10.10 

3.6 cc. mucus + 

1% acetic 


2 

24 

1.15 


7.2 cc. HCl 

acid 


3 

6 

0.70 




4 

1 

56 

1.60 

10.48 

5.2 cc. mucus -j- 

1% acetic 


2 

29 

1.30 


7.0 cc. HCl 

acid 


3 

11 

O.SO 




5 

1 

37 

1.40 

8.75 

3.3 cc. mucus -+• 

1% acetic 


2 

20 

1.15 


7.0 cc. HCl 

acid 


3 

8 

0.80 




6 

1 

53 

1.65 

7.37 

4.5 cc. mucus d- 

1% acetic 


! 2 

28 

1.30 


7.0 cc. HCl 

acid 


i 3 

14 

0.60 





* The Ca concentration of the mucus before exposure to HCl was calculated from the Ca 
recovered in the acid samples + that recovered finally from the mucus. Average Ca = 8.54 
mgm./lOO cc. with variations from 6.00 to 10.48. (N.B. The mucus in these cases had not 

been exposed to HCl before being used for the in vitro experiments.) 


TABLE 4 

Comparative results for acidity reduction and calcium uptake in vivo and in vitro 


ACIDITY 

REDUCTION 

NUMBER 

CALCIUM UPTAKE 

NUMBER 

Average 

Range 


Average 

Range 

OF CATS 


In vivo experiments (HCl + mucus in stomach) 


Period 1 

Period 2 

Period 3 

m.eq./l. 

61 

38 

I 25 

m.cg.fl. 

45-79 

24r-57 

15-43 

7 

7 

7 

mgm./ 
100 cc. 

2.29 

1.33 

0.77 

mgm./lOOcc. 

1 . 77 - 3.20 

0.85-1.90 

0.30-1.75 

6 

6 

6 

In vitro experiments (HCl d- mucus in flask) 

Period 1 



5 

— 

1.40-1.85 


Period 2 



5 


1.05-1.30 


Period 3 


6-14 

5 


0.35-0.80 



The mucus-producing agent was 1 per cent acetic acid; 7-cc. volumes of HCl, the original 
strength of which was 130 m.eq./l., were used. 
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higli calcium uitli no pepsin in an alkaline mucoid secretion obtained from a 
dog after the intra-arterial injection of acetylcboline; and also \Ye bad found 
a high calcium udth low pepsin in an alkaline secretion produced during vagal 
faradization in the dog. Thus calcium appeared in the gastric juice whenever 
the mucous or mucoid cells were secreting. The finding that mucus from the 
surface epithelium is a source of calcium and the parallel found between acidity 
loss from, and calcium uptake by, the acid seem to indicate that the appearance 
of calcium is an index of a reaction of acid with mucus in which the acidity 
loss is brought about. The loss which occurs in the control period before the 
production of mucus is probably due to small amounts of mucus on the surface 
of the stomach, which according to Babkin (5, 6) are being continuously pro- 
duced. The small amounts of calcium sometimes found in the control samples 
lend support to this assumption since mucus is the source of the calcium. Yevy 
small amounts would be missed with the volumes used for analysis. 

The calcium might have come from either the mucus secretion itself or from 
the mucus-secreting cell which I have found this type of mucus to contain in 
large numbers. From the relatively high concentration of calcium in vagal 
secretion which we have repeatedly found and since this secretion may be 
alkaline and viscous but devoid of cellular elements, we believe the source of 
the calcium is the mucus rather than the body of the mucus-secreting cell. 
Whether or not the mucus in alkaline vagal secretion is identical in composition 
uith the mucus part of opaque “mucus” (mucus + secreting cell) is not knoum. 
Our figures for calcium concentration, of the same order in both, give us no basis 
for supposing that a difference exists. It may be that mucus from all sources 
in the mucosa is identical but under some conditions may contain the secreting 
cell which gives it an opaque and jelly-like appearance. If mucus proves to 
be the sole source of calcium, as our results suggest, and if it has a constant 
value in the product of these cells, a convenient method might be made available 
for estimating the output of mucus-secreting cells. 

The appearance of calcium in gastric secretion when a certain group of cells 
of the gastric mucosa is functioning, is a striking example of the independent 
working of different epithelial secretory groups under control of different mech- 
anisms, which was emphasized by Babkin in 1931 (5). 

That much if not all of the acidity loss in these experiments was due to the 
mucus factor and in no way dependent on other factors in the stomach was 
shoiyn by the experiments in the flask. It must be pointed out that under both 
in vivo and in vitro conditions, the contact with mucus must have been even less 
effective for reaction purposes than it would be when acid is secreted under 
physiological conditions. There can be little doubt that the acidity loss in 
gastric juice secreted in dog’s stomachs and pouches in which excess mucus had 
been produced by 1 per cent acetic acid introduced into the stomachs, observed 
by Gorbunova et al. (7) and by Babkin el al. (8), was primarily if not entireh'^' 
due to the presence of the excess mucus, 

. Teorell’s (3) theory for the regulation of acidity by the diffusion of H ions 
m exchange for h.a ions, the region from and to which these ions migrate is not 
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established. They are depicted as entering and leaving the stomach. Though 
we cannot denj'- the possibility of the exchange of ions on which this theory is 
based, the fact that acidity loss in our experiments was found to be primarily 
if not entirely dependent on mucus suggests that the hypothetical migration 
of the ions may be into and out of the mucus. Our work gives direct support 
to the theory held by Babkin and by others that the epithelial-mucous border 
contains a mechanism which forms the first line of defence against changes in 
acidity. Mahlo and Mulli (9) in discussing this theory recently express the 
opinion that the mucus probably plays a major role in acidity regulation owing 
to its ability to adsorb (or to chemically bind) HCl, or to set it free when neces- 
sary, whichever is necessary to maintain the pH at the required level. The 
continuous production of small amounts of mucus which Babkin has stressed 
is of prime importance for this theory. 

The lack of knowledge about the physical and chemical properties of gastric 
mucus has become increasingly apparent. The type of mucus produced by the 
agents we have used was that usually described as “visible” and was indis- 
tinguishable in appearance from mucus sometimes found in the fistulated 
stomachs or pouches of dogs and in vagal secretion. Our finding that this 
type contains large numbers of mucus-secreting cell throws new light on a num- 
ber of controversial subjects. Since the decision seems justifiable that these 
cells secrete the alkaline mucus in which they are suspended, the ability of the 
mucosa to produce an alkaline secretion must be admitted. The opacity and 
jelly-like consistencj’- of this visible type can be explained by the presence of 
the secreting cell in large numbers and these could also be responsible for the 
difference in appearance between the visible or opaque and the soluble or 
transparent type. The loss of these cells from the mucosa in large numbers 
under some conditions appears to be a normal phenomenon, since the cells 
have been found in mucus secreted spontaneously'^ in the dog and cat, and 60 
per cent alcohol, the weakest yet tried, in contact with the mucosa for 5 min- 
utes produces as much of this mucus as the stronger concentrations. Interesting 
physiological problems are suggested by this and some of these are at present 
being investigated. 


SUMMARY AND CONCLUSIONS 

Results for acidity reduction in, and calcium uptake by, isotonic HCl of 
physiological strength placed in the cat’s stomach before and after the produc- 
tion of gastric mucus, and similar changes found under in vitro conditions when 
mucus collected from the stomach was exposed to HCl in flasks, are described. 
These, combined Avith some further observations added to our original findings 
on the composition of gastric secretions of the vagal type, have led to the fol- 
lowing conclusions. 

1. hlucus from surface epithelial cells and from the cells producing it in 
the vagal type of secretion is an immediate source of calcium in gastric secre- 
tions. Actively functioning peptic or parietal cells do not appear to be neces- 
sary for its production. 
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2. Tlie tlieoiy that mucus is an important factor for the reduction of gastric 
acidity is supported by direct evidence and the migration of H ions out of the 
stomach is not an essential factor for the reduction. 

3. An important factor responsible for calcium and acidity variations in 
gastric secretions is the presence of varying amounts of mucus in secretions of 
different types. Calcium is liberated from the mucus in a reaction associated 
Avith the reduction of acidity and is an index of this reaction. 

4. The opacity of “visible” mucus is due to the presence of large numbers of 
mucus-secreting cells which secrete the alkaline mucus in which the}^ are sus- 
pended. 

It is a pleasure to acknowledge the advice received from Prof. B. P. Babkin 
on many points during the course of this work. 
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In the course of a studj'- of excitation of sj^pathetic neurones h 3 "pothala- 
mic stimulation (Pitts, Larralree and Bronk, 1941), mechanisms were revealed 
for the gradation of peripheral s.ympathetic responses similar to those described 
bj'' Adrian and Bronk (1928) for control of somatic motor reflexes, and bj’’ Bronk 
and Ferguson (1935) and Gesell, Atkinson and Brown (1941) for control of 
respiration. Alagnitude of response in all three instances is graded hy two 
mechanisms : variation in the frequenej'- of repetitive activitj^ of any given single 
neurone and variation in the number of neurones active. 

Simple relationships were found between the frequenej’’ of firing of cervical 
sj’’mpathetic neurones and the frequenej’’ and intensity of hj’pothalamic stimula- 
tion. These relationships suggest that a number of parallel pathwaj’’s descend 
from the hj’pothalamus through the brainstem, to make sj'’naptic connec- 
tion with a given preganglionic efferent neurone. The average level of ex- 
citation of the sj’stem, measured bj’’ the frequenej’’ at which the efferent neurone 
fires, is dependent on the number of pathwaj’S within the sphere of influence of 
the stimulus and the frequenej’’ at which these pathwaj’s are stimvdated. How- 
ever, each response of the neurone follows, with relativelj’’ fixed latencj’^, a 
particular stimulus to the hypothalamus, and is therefore triggered bj^ a par- 
ticular voile j’’ of impulses. 

Qualitative! jq these observations are remarkablj’’ similar to those of Bronk 
(1939) and Bronk and Larraljee (in preparation) for excitation of postganglionic 
neurones of the stellate ganglion bj’’ preganglionic stimulation. Despite the 
enormous differences in morphological complexity between the ganglionic sj’s- 
tem, the somatic motor reflex arc, the i-espiratorj’’ sj’^stem and the central sj’^mpa- 
thetic projection sj’stems, the similarities pointed out suggest that some funda- 
mental factors are common to them all. The ganglionic sj’stem, being the least 
complex, is the better understood. Consequentlj’^ it was felt that if experiments 
analogous to those performed on the ganglion could be applied to the central 
sj'mpathetic sj’stem, information might be obtained which could be inter- 
preted on the basis of known behavior of the simpler sj’stem. 

In the ]5revious paper it was shown that a single neurone dissected from the 
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cervical sympathetic nerve of one side could be caused to fire by repetitive stim- 
ulation of either the same or the opposite side of the hypothalamus. This fact 
has enabled us to study summation of excitation of a single neurone brought 
about by volleys of impulses from two different sources. Furthermore, it has 
enabled us to analyze changes in excitability produced b}’’ volleys of variable 
intensity, frequenc}’^ and duration from one source, in terms of the response to 
constant vollej'^s from another source. The present paper is a presentation of 
this analysis. 

INIethods. Experiments were performed on cats anesthetized with 30 
mgm. per kilo of sodium delvinal given intravenously. Two concentric bipolar 
needle electrodes, insulated except at their tips, were oriented by means of the 
Horsley-Clarke stereotaxic instrument in the tuberal portion of the hypothala- 
mus, 2 mm. to either side of the mid line. At the end of each experiment the 
brain was perfused with formalin, removed and allowed to harden. Thej'^ were 
embedded in nitrocellulose, sectioned at 50 microns, stained by the Weil method 
and examined to determine the placement of the electrode tips. Except for 
slight deviations in two experiments, the electrodes were found to be quite 
symmetrically placed. 

Two identical thyratron controlled stimulators, whose frequencies and in- 
tensities were independently variable, were used for stimulation of the two sides 
of the hypothalamus. The maximum intensity used was below that which leads 
to any significant motor response. The frequency range of the stimulators la}" 
between 1 and 180 stimuli per second. Strands, which contained but a single 
functional nerve fiber, were dissected from the cervical sympathetic trunk in the 
neck. The dissection was performed in a small moist chamber in a shielded 
room maintained near 37°C. and 100 per cent humidity. Fibers from right and 
left sympathetic trunks were used. Since no differences between the two were 
noted, the side of the hypothalamus stimulated will be designated merelj" as 
ipsilateral or contralateral to the sympathetic nerve recorded from. Action 
potentials of single fibers were amplified by a capacity coupled amplifier having 
a time constant of 0.1 second and were recorded with a General Electric oscillo- 
graph and a moving bromide paper camera. 

Results. Summation of excitation from the right and left hypothalamus. 
vStimulation of the hypothalamus with brief repetitive condenser discharges of 
low intensity and high frequency causes cervical sympathetic neurones to fire 
rhythmically and repetitively at a frequency which is considerably less than the 
stimulus frequency (Pitts, Larrabee and Bronk, 1941). After an initial period 
duiing which fiequency declines, the rate of firing becomes relativelv constant. 
These adapted response frequencies for any given neurone are repeatable if a 
half minute or more intervenes between periods of stimulation. 

If two pairs of electrodes are introduced into the h3"pothalamus approxi- 
mately 2 mm. to either side of the mid line with their exposed tips at the 
level of the formx, as shown in figure 1, stimulation through either pair of elec- 
trodes excites a given neurone and causes it to fire. Figure 2 shows the re- 
sponse of a single neurone to stimulation of both sides of the hypothalamus. In 
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record A, the hjqiothalamus ipsilateral to the nerve recorded from was stimu- 
lated with low intensity shocks at a frequency of 175 per second. The neurone 
fired at a frequency of 10.8 per second, once to approximately every sixteenth 
stimulus. In record B, the contralateral hypothalamus was stimulated with 
the same frequenc.y and intensity of shocks, the neurone firing 10.5 times per 
second. In record C both sides were stimulated simultaneously and the re- 



Fig. 1. Photomicrograph of a Weil stained section through the diencephalon of the cat 
to show the position of the two pairs of stimulating electrodes, 2 mm. to either side of the 
midline. The exposed tips of the electrodes lay within the lateral hypothalamic area at 
the level of the fornix. For results of stimulation, see figure 2. 

sponse frequency approximately doubled to 20.4 per second. Record D shows 
initiallj^ the result of stimulation of the ipsilateral hypothalamus, and after the 
arrow, the result of stimulation of both sides. 

In 14 experiments in which the response of 43 different neurones has been 
studied, no instance has been found in which a neurone capable of being excited 
from one side of the hypothalamus could not also be excited from the other side. 
The threshold intensity of stimulation often differs slightly' on the two sides and 
if definite differences are found, the threshold is lower on the ipsilateral side. 
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A small increase in intensity on the less excitable side, however, will alv ays cause 
the neurone to fire. The response frequencies of a neurone to stimulation of 
the two sides of the hypothalamus with identical stimuli are not alv ays so 
nearly the same as those shown in figure 2. The frequency at which the neui one 
fires is commonly greater on stimulation of the ipsilateral hypothalamus, never 

less. 


A 



Fig. 2. The discharge of impulses by a single neurone of the left cervical sympathetic 
nerve on stimulation of the left and right sides of the lu'pothalamus. For electrode posi- 
tion, see figure 1. A, stimulation of left hypothalamus; B, stimulation of right hj'pothala- 
mus; C, simultaneous stimulation of both; D, stimulation of first the left and at the arrow 
both the left and right sides of the hypothalamus. Time, 5 second. 


Almost perfect summation is shown in figure 2 for this neurone at the fre- 
quency and intensity of stimulation used. The summated response is only 4 
per cent less than the arithmetic sum of the individual responses. However, 
depending on the frequency and intensity of stimulation used, the summated 
frequency of firing may be greater than, equal to or less than the sum of the 
indi^ idual fiequencies. Occlusion, i.e., a summated response less in magnitude 
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than the sum of the individual responses, has never been observed to be greater 
than 15 per cent. 

Suvimatio7i at different stimidns intensities. It was observed Pitts, Larra- 
bee and Bronk (1941) that the frequencj’- of firing of single S 3 TOpathetic neurones 
increases with an increase in intensity of hj^pothalamic stimulation. The 
relation between frequencj^ of response and stimulus intensitj’- is smoothlj^ curved 
and sigmoid in form, with a tendencj"- for the response frequenc}’- to level off at 
higher stimulus intensities. The essential character of this relationship was 
found to hold in a number of experiments, independent of the peak response 
frequencj" attained or of the frequencj’’ of hj’^pothalamic stimulation. The 
nature of the curve suggests that the limitation of frequency of firing at the higher 
intensities might result from activation of the entire excitable area of the hypo- 
thalamus which is in sjmaptic relation with a given neurone. Against this view 
are the facts that the maximum stimulus intensities were low, the exposed tips 
of the electrodes were small and close together and the excitable area of the 
hj^pothalamus for a given neurone quite large. The results obtained bj’’ sum- 
mating excitation from the two sides of the hjqDothalamus at different stimulus 
intensities make the view completelj'’ untenable. 

If the two sides of the hj'^pothalamus are stimulated separatety and then 
simultaneous!}’- with constant frequencj’’ (180 per sec.) and various intensities 
of shocks, the relationship between frequenc}'- of firing of a single neurone and 
intensity of stimulation maj’- be determined for ipsilateral, contralateral and 
summated hypothalamic excitation. Figures 3A and B show plots of the data 
so obtained from two experiments. The two experiments are presented to show 
that whether the response frequencies from the two sides of the hj’-pothalamus 
are the same or different at an}-^ given intensity, the essential features of the 
curves are unmodified. 

It is evident that the relationship between the number of impulses discharged 
per second bj^ a given preganglionic neurone and the intensity of hjqiothalamic 
stimulation is qualitativelj^ the same for excitation of each of the two sides of 
the hj^pothalamus, though quantitativelj'^ it ma}" or maj^ not be less for the con- 
tralateral side. Furthermore, the relation is similar when both sides of the 
hjqiothalamus are stimulated simultaneouslj’-, though of course the frequencies 
are much greater. Closer inspection of the figures reveals various degrees of 
summation. Figure 3B, for example, illustrates at intensity 2, summation of 
subliminal degrees of excitation, while at intensities of 3, 5 and 8 occlusion is 
evident. In both experiments the highest intensity used is that at which so- 
matic motor responses begin. 

It is evident that the leveling off of the curves at the higher intensities is not 
a result of current spread Avhich excites the entire h 3 ^pothalamus, for excitation 
of both sides simultaneous!}^ at the maximum intensities still leads to summation 
with veiy little occlusion. Lacking knowledge of relative thresholds and den- 
sities of fibers and cells about the electrodes, explanation of the form of the 
curves is impossible. 

Summation at different stinndus frequencies. If the above type of experiment 
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is repeated maintaining intensity of stimulation constant and varying the fie- 
quency, the results olitained cast further light on the process of summation. It 
was noted previouslj’^ (Pitts, Larrabee and Bronk, 1941) that the lelationship 
between frequencj’’ of firing of sympathetic neurones and frequency of hjqio- 
thalamic stimulation is a linear one over a considerable part of the frequency 
range. As shown in figure 4, this relationship holds whether stimuli aie applied 
to the same or the opposite side of the hypothalamus. The summated responses 
are also linearly related to the stimulus frequency but are plotted differently 




Fig. 3. The relation between frequency of discharge of impulses in single fibers of the 
cervical sympathetic nerve and intensity of stimulation applied to the two sides of the hj'- 
pothalamus singly and together. A and B, separate e.xperiments. Stimulus frequency, 
180 per second throughout. 




Fig. 4. The relation between frequency of discharge of impulses in single fibers of the 
cervical sympathetic nerve and frequency of stimuli applied to the two sides of the Ip'- 
pothalamus singly and together. A and B, separate experiments. Stimulus intensity the 
same on the two sides and constant throughout. Note that the summated responses are 
plotted against the sum of the stimulus frequencies applied to the two sides. 

from those of the preceding figure to emphasize a striking feature of summation. 
The summated response frequency obtained on stimulation of the two sides 
simultaneously is plotted against the sum of the two stimulus frequencies. The 
.summated i espouses then fall upon a line which constitutes a mean of the re- 
sponses of the two sides separately. Roughly, the relation holds whether ip- 
silateial and contralateral responses to a given stimulus are nearly the same (fig. 
4A) or are quite different (fig. 4B). 

It IS evident that whatever the mechanism is which determines the frequency 
of firing of the final sympathetic neurone, it is activated to approximately the 
same degree by volleys of impulses of a given frequency carried simultaneously 
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two separate pathwaj^s or by vollej's at twice that frequency carried by either 
of the pathways singly. This can onlj’^ be true if occlusion between the two 
pathwaj^s is minimal and if a given pathwaj'- is working safel}'^ below the top 
frequenc}^ at which it can transmit volleys. It is clear also from the preceding 
experiments (figs. 3 A and B) that doubling the intensity of stimulation on one 
side of the hypothalamus does not produce a response equivalent to that of a 
given intensity simultaneous!}'- applied to the two sides. Hence doubling stim- 
ulus intensity must fall short of doubling the number of separate pathways 
connecting the hypothalamus with the frequency determining mechanism. 
The result cannot be explained on a basis of greater occlusion at higher stimulus 
intensities for such occlusion is minimal. 


A 





B 1 f 



Fig. 5. The efifect of a brief period of stimulation of the ipsilateral hypothalamus on the 
discharge frequency of a fiber of the cervical sympathetic nerve activated by main- 
tained stimulation of the contralateral hypothalamus. A, control record, stimulation of 
the contralateral hypothalamus only; B and C, same contralateral stimulation and in addi- 
tion ipsilateral stimulation for the 3 second interval marked off by arrows. B, stimulus 
frequency 100 per second; C, 150 per second. Time, 5 second. 

Reduction of excitability as a residt of activity. The fact, demonstrated above, 
that a single sympathetic neurone may be excited through two sets of pathways 
which show little occlusion makes it possible to study changes in excitability of 
the hypothalamic-sympathetic neurone system at or below the point of conver- 
gence of the pathways, independent of changes in the separate pathways them- 
selves. That changes in excitability do occur was noted early in our work when 
it was found that periods of stimulation of the hypothalamus, repeated at short 
intervals, led to response frequencies which progressively declined. It was 
found that intervals of a half minute or moi’e between periods of stimulation 
allowed adequate recovery and routinely we have used recovery periods of 1 
minute or more. 

Figure 5 illustrates the essential features of the excitability changes which 
we shall analyze in the following sections. The records were made with a 
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catbode ray oscillograph in order to record at slow enough paper speed to re- 
produce the major part oi the experiment. Record A illustrates the response of 
a cervical sympathetic neurone to maintained stimulation of the contralateral 
hypothalamus udth low intensity, high frequency shocks. In records B and C 
the same stimulation was maintained throughout but, in addition, during the 
interval marked off by the arrows, stimuli of low intensity were applied to 
the ipsilateral hypothalamus. In record B the frequency of ipsilateral stimula- 
tion was 100: in C, 150 per second. 

In record A, contralateral stimulation caused the neurone, the response of 
which is readily identified, to fire repetitively at a frequency which was fairly 
well maintained. In B and C simultaneous stimulation of the ipsilateral 
hypothalamus raised the frequency of firing, more in G than in R, as a conse- 
quence of the more rapid stimulation. The change in the frequency of response 
of the neurone to the maintained contralateral stimulation after the period of 
summated response is veiy evident. Record B shows a sloudng of the frequency 
of firing mth a gradual return to the control value. In record C, however, in 
which the summated response was greater as a result of higher frequency hypo- 
thalamic stimulation (150 per sec.), the neurone ceased to fire for over 3 seconds, 
and then began again at a much lower frequency which was still depressed at 
the end of the record. 

The general aspects of the picture of excitability change, presented in figure 5, 
duplicate almost exactly those noted by Bronk (1939, fig. 16) in the stellate 
ganglion. Bronk has showm. that single postganglionic neurones may be caused 
to fire rhythmically and repetitively by perfusion of the stellate ganglion ivith 
Ringer's solution containing small amounts of acetylcholine. Stimulation of 
the preganglionic trunk with repetitive shocks increases the rate of firing of the 
neurone, and after the stimulus ceases the response frequency of the neurone 
drops below its control value or ceases entirelj'^ for a time depending on the 
frequency of the preceding stimulation. Bronk has correlated this reduced 
excitability after preganglionic volleys with the positive afterpotential of the 
ganglion. The duration and degree of reduced excitability, indicated by the 
frequency at which the neurone fires, is related to the duration and magnitude of 
the potential. 

Gassei (1936) has pointed out that the excitability of peripheral nerve is 
decreased by repetitive shocks in proportion to the frequency or duration 
of stimulation. He has shown that a po.sitive afterpotential parallels almost 
exactly the reduction in excitability, and has pointed out a possible explana- 
tion, in terms of excitability change and afterpotential in the spinal cord, 
for the silent period of extensor tone following elicitation of the knee jerk. 

The experiments of Gasser and Bronk suggest that a similar mechanism may 
account for the reduced excitability observed in our experiments. Accordingly 
we have explored excitability changes in the hjqiothalamic-sjTnpathetic neurone 
system after stimulation of the hypothalamus with stimuli of different inten- 
sities and frequencies and for periods of variable duration. 

Factors involved in determining the degree of reduction in excitability. The same 
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methods of quantitation which were used in determining summation of excita- 
tion haA^e been applied in experiments of the type just described to determine 
changes in excitability which result from hypothalamic stimulation. In order 
to measure intei’Amls between the nerve impulses accurately, records were taken 
at higher speed than those sIioato in figure 5. We have found a paper speed of 
100 mm. per second adequate for measurement and the records which we have 
anal 3 'zed are similar to those shoAAm in figures 9 and 11. 

The experiments have all been performed in a similar manner. The contra- 
lateral hj'^pothalamus has been stimulated at such an intensity and frequency 
that the cerAUcal sjunpathetic neurones examined have been caused to fire at 
some frequencj’’ between 6 and 12 per second. An initial and a final control 
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Fig. 6. Summation of excitation during, and recovery of excitability after 3 second 
periods of stimulation of the ipsilateral hypothalamus at frequencies of 45 and ISO per 
second. Stimulation of the contralateral hypothalamus maintained constant throughout. 
See text for details. 

period of stimulation of the contralateral hypothalamus for some 20 seconds 
proAudes a base line of reference. This same stimulation is maintained through- 
out all succeeding records. ^After an initial control period of 3 seconds during 
which onlj’- the contralateral hypothalamus is stimulated, there follows a 3 
second testing period in Avhich the ipsilateral hjqiothalamus is also stimulated 
vdth shocks of A'^arjdng intensity or frequenc 3 ^ The succeeding 10 second period 
of the record, during which only the contralateral hj’-pothalamus is stimulated 
permits an estimation, relatiAm to the control, of changes in excitability resulting 
from the testing period of ipsilateral stimulation. 

A. Effect of frequency of test stimulation. In figure 6 is presented an analysis 
of such an experiment, in which changes in excitability resulting from 3 second 
tests at frequencies of 45 and 180 shocks per second are compared. The refer- 
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ence base line indicates that the neurone maintained a fairly constant frequency 
of firing to maintained stimulation of the contralateral hypothalamus. This 
frequency is also shoum to have been identical at the start of each of the two 
succeeding tests; i.e., all 3 control frequencies superimpose. During the 3 
second test period of stimulation of the ipsilateral hypothalamus at 45 per sec- 
ond, the firing of the neurone increased but slightly, and following this peiiod, 
fell but little below the control valve and rapidly approached it again. Duiing 
stimulation of the ipsilateral hypothalamus at 180 per second, the frequency of 
firing of the neurone was considerably elevated (2.5 times). Following stimula- 
tion, the frequency was depressed initially and returned quite slowly to the 
control value. 



Fig. 7. Summation of excitation during, and recovery of excitability after 3 second 
periods of stimulation of the ipsilateral hypothalamus at intensities of 2 and 8. Stimula- 
tion of the contralateral hypothalamus maintained constant throughout. See text for 
details. 

B. Effect of intensity of test stimulation. Identical results have been obtained 
on comparing changes in excitability produced bjr test stimuli of vaiying in- 
tensity. In figure 7 is presented one such experiment, in which the frequency 
of stimulation in both instances was 150 per second, but the intensities 2 and 8. 
There was a greater summated increase in response to intensity 8 than to inten- 
sity 2, and following the period of stimulation a greater initial depression of 
excitability which was maintained for a longer time. It is evident that an 
inciease in fiequency of stimulation at constant intensity or an increase in inten- 
sity at constant frequency not only produces a greater summated response 
during stimulation and a greater initial depression of excitability after stimula- 
tion, but also maintains the excitability at a depressed level for a longer period 
of time. 

C. Effect of duration of test stimulation. Figure 8 presents an analysis of the 




IMPULSES PER SECOND 


514 


B. F. PITTS AND D. W. BKONK 


changes in excitability which result from stimulation with shocks of constant 
frequencj’' and intensity for variable lengths of time. It is apparent that the 
initial depression of excitability after stimulation is but little altered by duration 
of the stimulation period. But the time that excitability remains depressed is 
much greater when stimulation is maintained 3.5 seconds than, when it lasts 
but 0.2 second. To this extent there is a difference between the excitability 
changes resulting from increased intensity or frequency of stimulation and 
increased duration, for the former show variations in initial depression of ex- 
citability, whereas the latter do not. 

No supernormal phase of excitability is eAudent in any of our experiments, all of 
which have been repeated several times. Furthermore, none is found in periph- 
eral nerv’^e subjected to repetitive stimulation under conditions similar to those 



Fig. 8. Summation of excitation during, and recovery of excitabilit 3 ’- after stimulation 
of the ipsilateral hj^pothalamus for periods of 0.2, 1.4 and 3.5 seconds. Stimulation of the 
contralateral hypothalamus maintained constant throughout. See text for details. 


above. The fact that the depression of excitability in both peripheral nerve and 
ganglia has been correlated vdth a positive afterpotential tempts one to cany over 
the association to the central system studied here. However, such potentials if 
thej”- exist, have not been recorded. 

Independence of excitabiliiy depression and rise in blood pressure. The pos- 
sibility exists that the depressed excitability noted after the test period of stim- 
ulation in reality represents sjnnpathetic inhibition as a result of a rise in blood 
pressure and excitation of pressure sensitive afferents. Inhibition of spon- 
taneous sympathetic discharge in the inferior cardiac nerve as a result of a rise 
in blood pressure produced by a brief period of hypothalamic stimulation has 
been described by Pitts, Larrabee and Bronk (1941). Furthermoi’e it has been 
shown that a rise in blood pressure produced by int''avenous adrenalin causes 
slowing and eventual cessation of the discharge of single neurones of the cervical 
s 3 Tnpathetic caused to fire at a very low frequency by low intensity hj^pothala- 
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mic stimulatioii. However, it iiia, 3 '' readity be shown that under the conditions 
of the experiments just reported no essential part of the decreased excitability 
following activity results from inhibition in consequence of excitation of pres- 
sure afferents a rise in blood pressure. 

In figure 9 is shown a repetition of one of these experiments with a simul- 
taneous record of blood pressure. In records A, B and C the contralateral 
hypothalamus was stimulated with low intensity, high frequencj^ stimuli. 
During the 3 second interval marked off by the arrows, stimuli at a frequency 


A . ) I 



B . I I 



Fig. 9. Comparison of the effects of ipsilateral hypothalamic stimulation and a rise in 
blood pressure induced by intravenous adrenalin on the discharge of a single fiber of the 
cervical sympathetic nerve activated by maintained stimulation of the contralateral hy- 
pothalamus. A and B, stimulation of the ipsilateral hypothalamus for the 3 second interval 
between the arrows, at frequencies of 100 and 150 per second. C, adrenalin intravenousb' 
during the break in the record; blood pressure elevated from 11 to 250 mm. Hg, and did 
not record on the paper. Time, I second. 

of 100 pel second (lecord A) and 150 per second (record B) were applied to the 
ipsilateial hypothalamus. In record C, adrenalin was administered intra- 
venously. Records A and B show a decreased excitability following the test 
period of hypothalamic stimulation proportional to the frequency of stimulation, 
with little elevation of blood pressure. Record C shoivs essentiallj^ no change 
of excitability as a result of more than a two-fold elevation of blood pressure, so 
great that the tracing failed to record on the paper. It is evident that a rise in 
blood pressure, per se, does not explain the dimini.shed excitability which we have 
noted under these experimental conditions. 
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Site of the depression of excitability. The changes in excitabilit}^ which we 
have described after a test period of hj’-pothalamic stimulation are evidentl.y 
located somewhere at or below the point of convergence of pathwaJ^s from the 
two sides of the hj^pothalamus. Thus a brief test period of stimulation to one 
side can affect the excitabilitj'- to a maintained stimulus to the other side onl}^ 
at some point common to the two pathways. It is evident also that a change 
of excitability in either pathwaj’- before convergence can be revealed onlj^ if it 
can be made greater than the change in excitability after con^mrgence. If such 
changes in excitability^ in the individual pathwaj’^s before convergence are of 
anywhere near the same order of magnitude as those after convergence, it should 
be possible by increasing the Amlley load of one pathway^ to bring out those 
changes. 



Fig. 10. Summation of excitation during, and recovery of excitability after identical 
testing periods of stimulation to the ipsilateral and to the contralateral sides of the hy- 
pothalamus. Stimulation of the contralateral hj’-pothalamus maintained constant through- 
out. See text for details. 

To this end we have compared the effects of applying the test stimuli to the 
same pathway's which carry the constant volley'' load, with the effects of applynng 
them to the inactive pathway's descending from the opposite side of the hy’^po- 
thalamus. Figure 10 shows the result in one such experiment. The degree of 
depression of excitability after the test period of stimulation was identical 
whether the testing volley^s were carried by"^ the same pathway’^s as carried the 
constant volleys or by^ pathway's descending from the opposite hy^pothalanius. 
In this experiment, and in another .yielding the same result, the discharge of the 
sympathetic neurone was increased to an identical e.xtent by^ the test stimulation 
whether applied ipsilateral or contralateral to the constant stimulus. Three 
other experiments, however, differed from these, all in the same way. Test 
stimulation of the side of the hy^pothalamus opposite to that to Avhich the 
constant stimuli were applied, caused the greatest increase in firing of the pre- 
ganglionic neurone, and after stimulation, the greatest depression in excitability. 
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It is evident from these experiments that an increase in the volley load of one 
pathway above the convergence point cannot cause a depression of excitabdity 
of that pathway which is equivalent to the depression produced further down. 
Whether or not this means that the pathwaj’-s dovm to the point of converpnce 
are formed of axons of single neurones without any interposed synapses is not 
certain. It does mean, however, that depression of excitability at such synap- 
ses, if there are any, is not of the same order of magnitude as that which occurs 
farther down. The experiments suggest that the point of depression of excita- 
bilitj’' may be the same as the point at which the response frequency of the final 
neurone is determined. In all our experiments there is a direct relation between 
frequency of firing of the final neurone and the degree of depression which fol- 
lows. The most obvious site at which both the limiting depression of excita- 


A 



Fig. 11. Comparison of the effects of dromic and antidromic stimulation on the discharge 
frequency of a single fiber of the cervical sympathetic nerve activated hy maintained stimu- 
lation of the contralateral hypothalamus. A, control record, stimulation of the contra- 
lateral Iwpothalamus onlJ^ B and C, same contralateral hypothalamic stimulation 
throughout. B, ipsilateral hypothalamic stimulation at 170 per second; C, ipsilateral anti- 
dromic stimulation of the cervical sympathetic nerve at 170 per second. Time, i second. 
For complete data see figure 12. 


bility might occur and the response of the final neurone be determined, is at the 
final preganglionic neurone itself. 

Some etddence (Eccles and Sherrington, 1931) points to the fact that an im- 
pulse conducted antidromically passes from axon to soma of a neurone and pro- 
duces changes in excitability similar to those produced when the neurone fires 
in response to presynaptic excitation. If this is true, antidromic stimulation 
of the sympathetic neurone at a frequency comparable to that at which it is 
caused to fire by the testing hypothalamic stimulation, should produce a com- 
parable depression of excitability if the preganglionic neurone is the site at 
which depression occurs. 

In figures 11 and 12 records of one such experiment are presented. Record A 
in figure 11 shows the firing of a single neurone in response to maintained stimu- 
lation of the contralateral hr^pothalamus. The same stimulation was main- 
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tained throughout records B and C. In record B, during the 5 second interval 
indicated between the arrows, the ipsilateral hj’^pothalamus was stimulated with 
low intensity, high frequencj’- stimuli. The frequencj'- of firing of the neurone 
was raised from a control value of 10 per second to 22 per second. In record C 
the neurone was stimulated antidromicallj’’ for 5 seconds at a frequency of 170 
per second. It is quite evident that hypothalamic stimulation, producing an 
increase in response from 10 to 22 impulses per second, is followed by a much 
greater depression in excitability than is antidromic stimulation at a rate some 
8 times as great. 

The complete data of this experiment are shown in figure 12. Antidromic 
stimulation at 27 per second, comparable to the 22 per second discharge in- 



Fig. 12. Summation of excitation during, and recovery of excitability after dromic 
(ipsilateral hypothalamic) and antidromic (cervical sympathetic nerve) stimulation of a 
single cervical sympathetic neurone. Stimulation of the contralateral hypothalamus 
constant throughout. See text for details. 

duced bj'' dromic stimulation, produced a scarcelj’’ detectable depression in 
excitability. Moreover, the depression in excitability resulting from anti- 
dromic stimulation at 170 per second does not equal that produced by the lower 
frequency hypothalamic stimulation. If we accept the thesis that dromic and 
antidromic excitation lead to comparable changes in excitability, then the site of 
major depression following Iwpothalamic stimulation, though at or caudal to the 
point of convergence of pathwa3'^s from the two sides of the h3^pothalamus, 
nevertheless lies cephalic to the final common .S3'mpathetic neurone. Such a 
view is of course based upon what ma3'' be an erroneous assumption. It is not 
the outcome anticipated. 

Discussion . The results which have been presented in the preceding pages 
should most logically be discussed in terms of the anatomical makeup of the 
connecting S3^stem between h3^pothalamus and preganglionic S3TOpathetic 
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ii6uroii6. But dctEiilGd knowledge of these connections is lacking. Such in- 
formation as is available is derived chiefly from physiological experimentation, 
and in place of a desired rigorous analysis of function in terms of known struc- 
ture, one is forced to infer structure from function. 

It is generally conceded that the lateral and posterior hypothalamic areas 
form a homogeneous system, the activation of which leads to ividespread sym- 
pathetic discharge (Hanson and Magoun, 1939; Ingram, 1939). The degree 
of homogeneity of the hypothalamus is emphasized in a very real manner by the 
demonstration that single neurones of the cervical sympathetic may be excited 
by stimulation of a fairly extensive area not only on the same side of the hypo- 
thalamus, but on the opposite side as well. 

The pathways connecting the hypothalamus with preganglionic sympathetic 
neurones, in so far as they are known, have been described by Magoun (1940) 
and Wang and Ranson (1939a and b). They descend from the lateral hypo- 
thalamic areas through both the central grey and tegmentum of the mesen- 
cephalon into the pons, where they are concenti'ated chief!}’- in the tegmental 
region. In the medulla they pass caudally in the more lateral portions of the 
reticular formation through the region of the myelencephalic sympathetic center 
(Ranson and Billingsley, 1916; Chen, Lim, Wang and Yi, 1936; 1937), In the 
spinal cord they are located in the anterolateral funiculus. The pathways are 
made up of both crossed and uncrossed connections at every level, for decussa- 
tion appears to be progressive throughout the brainstem, perhaps even in the 
cord. Wliether and where these pathways may be interrupted in their descend- 
ing course is unkno^vn, although the nature of their decussations suggests that 
single axons could scarcely accomplish the manoeuvers. Little has been added 
by our study to the general topographical knowledge of the descending hypo- 
thalamic connections, but certain implications as to their nature are evident. 
It is apparent that each- preganglionic neurone of the sympathetic system is in 
functional connection -with many different regions within the hj'^pothalamus, 
not only on the same but also on the opposite side. The corollary, that each 
point within the hypothalamus is in functional connection with many pre- 
ganglionic neurones on both sides of the cord, is obviously equally true. Such 
functional interrelation between mde areas of the hypothalamus and many 
preganglionic neurones implies either unreasonable multiplicity of connections 
or some system upon which excitation converges from both sides of the hypo- 
thalamus and fiom which excitation is distributed to sj'mpathetic motorneiirones 
on both sides of the cord. Possibly the medullarj’- S3mipathetic center pla 3 "s 
such a role. 

In the light of the evident complexity of the hypothalamic-preganglionic 
neurone system,^ it is remarkable that it shows in simple form many of the 
properties of spinal cord, ganglion and even peripheral nerve. It has been 
shoira (Pitts, Larrabee and Bronk, 1941) that an excitatory state, built up by 
successive volleys of impulses from the hypothalamus, reaches a critical level 
a which a single detonator volley triggera the sj^stem and causes an impulse to 
be discharged. An increase in rate of stimulation, increasing the number of 
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volleys carried by the pathways, or an increase in intensity of stimulation, in- 
creasing the number of active pathways, leads to an initial earlier attainment of 
the critical excitatory level, and to the maintenance of a higher average level of 
excitation as well. It was suggested that the frequency of firing of a given 
preganglionic neurone is determined, once the neurone has been caused to fire, 
by a balance between the rate of recovery of excitability and the average main- 
tained level of excitation at some critical point within the system. 

The present paper contributes to our knowledge of both variables which are 
presumed to determine the frequency of sj’-mpathetic response. The activa- 
tion of pathAva 3 ^s descending from each side of the hj’-pothalamus contributes to 
the excitatoiy state which determines the rate of firing of a given S5’’mpathetic 
neurone. Simultaneous activation of these pathwaj’^s increases the excitatory 
state to such a degree that the frequencj’^ of firing of the neurone may be greater 
than, equal to, or slightl}'- less than the sum of the frequencies when the paths 
are activated separately. The frequency determining mechanism for the sym- 
pathetic neurone shows the classical properties of the spinal reflex arc, summation 
of subliminal excitation, arithmetic summation, and occlusion. 

The other determinant of the frequency at which a preganglionic neurone 
fires, nameljq recover}'’ of excitability, has been shovm to be influenced bj’’ those 
same factors which control recovery in peripheral nerve (Gasser, 1936) and sym- 
pathetic ganglia (Bronk, 1939). Following a period of repetitive stimulation, 
excitability is depressed in proportion to the frequency and intensity of the 
stimuli, and is prolonged in proportion to these same variables and to the addi- 
tional one of duration. In peripheral nerves and ganglia the changes in ex- 
citability are paralleled by positive afterpotentials. The central excitability 
changes may well be accompanied by potential variations of similar sign, though 
they have not been recorded so far. But the fundamental mechanisms, of which 
excitability change and after potential are an index, may be the same in the 
central system described here and in peripheral nerves and ganglia. 

An unexpected outcome of our work has been the site at which the limiting 
factors, i.e., recoveiy of excitability and level of excitatory state, operate in 
determining frequency of firing of the preganglionic neurone. One would 
expect both factors to operate at the site of the preganglionic neurone itself, 
and such may well be the case. However, if it is correct to assume that anti- 
dromic stimulation of a neurone produces the same excitabilit}^ changes that 
are produced when a neurone fires in response to presynaptic excitation (Eccles 
and Sherrington, 1931), then the preganglionic neurone cannot be the limiting 
site at which frequency is determined. The degree of depression of excitability 
after hypothalamic stimulation is much greater than after antidromic stimu- 
lation at a frequency comparable to that at which the neurone is caused to fire 
bj^ the dromic excitation. Since the limiting site of frequenc}^ determination is 
inaccessible to antidromic stimulation, it must lie cephalic to the preganglionic 
neurone. 

An experiment described by Pitts, Larrabee and Bronk (1941) suggests that 
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the frequency limiting system may lie at the level of the medulla oblongata. 
If single preganglionic neurones are caused to fire at low frequencies by very 
low intensity hypothalamic stimulation, a small rise in blood pressure causes a 
sloiving of the rate of firing, while a greater rise inhibits the discharge completely. 
The buffer afferents are able to control the frequency of firing of preganglionic 
neurones to hypothalamic stimulation presumably at the level of the myelen- 
cephalic sympathetic center. It may well be at this same level that the limiting 
factors mentioned above operate in determining the frequency of firing of the 
final preganglionic neurone. The rest of the system, i.e., the spinal pathways 
and efferent preganglionic neurones, according to this concept, are working well 
below their limiting capacities and seiwe only to translate the medullarj'- exci- 
tation into efferent sympathetic activity. 

The nature of the excitatory state has not been implied in any way in the 
above discussion, and any consideration of its nature would be unjustified. It 
is well to point out that it is possible to account for our results equally well on 
the basis of any of the current concepts presumed to govern excitation at sjmap- 
ses. The depression of excitability following activity has been inferred to 
result from those same factors which depress excitability in sympathetic ganglia 
and in peripheral nerve. Other explanations, however, might well account for it. 

SUMMARY 

Stimulation of either side of the hypothalamus with low intensity, high 
frequency shocks causes preganglionic neurones of the cervical sympathetic to 
fire rhythmically and repetitively at frequencies proportional to the intensity 
and frequency of stimulation. If both sides of the hypothalamus are stimu- 
lated simultaneously, the neurones fire at higher frequencies which may be 
greater than, equal to or slightly less than the sum of the frequencies obtained 
on stimulation of the two sides separately. 

Following a testing period of hypothalamic stimulation, the rate of firing of 
sjnnpathetic neurones to constant hypothalamic stimulation decreases initially 
and gradually recovers to the control value. This reduction in excitability of 
sjonpathetic neurones to hypothalamic stimulation is proportional to the fre- 
quency and intensity of the testing stimulation. The duration of depressed 
excitability is related to frequency, intensity and also duration of the testing 
stimulation. 

The site at which the frequency of firing of a neurone is limited, is caudal to 
the point of convergence of pathway.s from the two sides of the hypothalamus, 
but cephalic to that portion of the system accessible to antidromic excitation. 

The pathways connecting the hypothalamus with the frequency limiting 
mechanism, as well as the more peripheral parts of the system, show relatively 
ess depression of excitability as a result of activity than does the frequency 
limiting inechanism itself. The suggestion is made that this mechanism lies 
m the medulla at a point accessible to afferent impulses carried by the buffer 
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Pierce and Gregersen (1937) sectioned the chorda tympani on one side in 
dogs, and two months later found that the submaxillary gland with cut nerve 
responded to intravenous administration of acetylcholine with less secretion 
than the opposite, normally innervated gland. They suggested that thei'e may 
have been sensitization to acetylcholine at a shorter time after the operation. 
Recent work on the iris sphincter (Keil and Root, 1941) makes this possibility 
appear likely. The experiments pi'esented here were undertaken to learn 
whether or not there is sensitization of the parasympathetically decentralized 
submaxillary gland to acetylcholine. 

Cats were operated upon asepticaily under ether anesthesia. The chorda 
tympani on one side was dissected out of the chorda-lingual trunk and sec- 
tioned as far centrall}’' as possible. The nerve was then freed from the sub- 
raaxillaiy duct as far toward the hilus of the gland as practicable, alwaj^s to 
well beyond the mental limit of the sublingual gland. The lingual trunk was 
carefullj" freed of all connection with the submaxillarj’^ duct, to obviate the 
possibility of innervation of the gland by recurrent chorda fibers (cf. Langle^v 
and Anderson, 1894). 

At different periods after this operation the animals were anesthetized by 
intraperitoneal injection of dial (Ciba) , and the chorda-lingual trunk on the control 
side was sectioned. The submaxillary ducts of both sides were thencannulated. 
All branches of both external carotid arteries, except the anterior lingual arteries 
and the submaxillaiy branches of the external maxillaiy arteries, were tied off. 
A cannula was inserted into each anterior lingual artery, directed centrally. 
Acetylcholine in small volume (0.05 cc.) was injected at a uniform rate directly 
into the aiterial suppl}’’ of each submaxillary gland through these cannulae. 
The flow of saliva was registered by a drop counter similar to that of Gibbs 
(1927), each drop corresponding to 0.024 cc. 

Table 1 shows the results of six experiments at various times after removal 

' Porter Fellow of the American Physiological Society. 
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of the chorda supply of one submaxillarj’' gland. The smallest amount of 
acetylcholine which would cause secretion of one drop of saliva was determined 
for both glands, and was denominated the minimal effective dose. The ratio 
of this value for the normal gland to that for the denervated gland yields the 
figures in the last column of the table. It will be seen that 10 days after sever- 
ance of the chorda tympani there was slight sensitization of the submaxillary 
to acetylcholine, and that such sensitization increased somewhat with time. 
The effect persisted through the 27th dai”- after operation. 

TABLE 1 

Minimal effective doses of acetylcholine for normal and parasympaihetically decentralized 

submaxillary glands 


DA-YS SINCE PARASYMPA- 
THETIC DECENTRALIZATION 

MINIMAL EFFECTIVE DOSE OF ACET\XCH0L1NE 

(micrograms) 

JV 

D 

Normal (N) 

Denervated (D) 

10 

0.2 

0.15 

1.3 

13 

0.1 

0.03 

3.3 

16 

2.0 

0.5 

4.0 

17 

2.0 

0.1 

20.0 

18 

0.2 

0.08 

2.5 

27 

0.3 

0.03 

10.0 


A 


B 
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Fig. 1. Responses to O.27 of acetylcholine of normal (A) and parasympatheticalb’^ decen- 
tralized (B) submaxillary glands of a cat operated upon 18 days previously (see table 1). 
Bottom line, time in 5 sec.; middle line, signal of injection; top line, drops of saliva (1 drop 
= 0.024 cc.). 

It was found that the response of the submaxillary gland to acetylcholine 
was not directly quantal, and therefore table 1 does not demonstrate sensitiza- 
tion by parasj’^mpathetic decentralization so clearty as does figure 1. This 
figure records responses to the same dose of acetjdcholine of the normal and 
denervated glands of the cat operated upon 18 days previously. The latter 
gland produced manj'- times as much saliva as the former, although according 
to the figures for minimal effective doses of acetylcholine in table 1 sensitiza- 
tion was not marked. 

There is evidence that in the cat outlying ganglion cells are scattered along 
the chorda tympani nerve as it nears the submaxillaiy hilus (Langlej"-, 1890). 
Bradford (1888) had noted that in two of three cats excision of the chorda as 
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near as possible to the hilus resulted, after 3 to 6 days, in a loss of response of 
the gland to electrical stimulation. It is possible, therefore, that in some of 
the cats reported in table 1 the ganglion cells had been removed, i.e., that the 
submaxillary was denervated rather than being decentralized. It is known 
that denervation sensitizes to adrenaline to much greater degree than does de- 
centralization. Possibly in the two animals in which the response was extreme 
(i.e., the two tested 17 and 27 days after operation) the gland was quite deprived 
of parasympathetic neurons. Whether the submaxillary was denervated or 
decentralized, however, the results clearly prove that it was sensitized to the 
action of acetylchohne. 


SUMMARY 

By severance of the parasympathetic nerve supply (section of the chorda 
tympani), the submaxillary gland of the cat was shown to be sensitized to 
acetylcholine, the effect being apparent 10 days after the operation and lasting 
at least through the 27th day. 
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It has been suggested (1) that contractions of the stomach and its secretions 
influence the rate of glucose absorption from the intestine. This may be ac- 
complished by controlhng the rate of supply to the gut and by altering the 
pH, electrotyte content and solute concentration of the solution to be ab- 
sorbed. 

Carbohydrates have been shown to have a marked effect upon gastric secre- 
tion (2), motihty (3) and evacuation (4). Recentlj’- a summary of findings 
regarding factors involved in the disposition of glucose solutions within the 
gastro-intestinal tract of humans has been presented by Warren, Karr, Hoffman 
and Abbott (5). 

The object of this investigation has been to determine a, the influence of 
the size of the meal on the emptying rate of the stomach after the intragastric 
administration of concentrated glucose solutions, and b, the alterations in con- 
centration of administered glucose solution by gastric residuum and secretion, 
and by duodenal secretion and absorption. 

Experimental. The rats were anesthetized by injections of 60 mgm. of 
pento-barbital per kilogram body weight. Pento-barbital was selected be- 
cause of its comparatively slight effect upon gastric motihty (6). As soon as 
anesthesia was complete (45 min. later), the animals were tied on animal boards 
and an incision made through the abdominal wall starting at the xiphoid process 
of the sternum and continuing about an inch caudad. The duodenum was 
traced for approximately an inch along its course, and at this point a cannula 
9 cm. long was inserted iHth its tip 0.5 inch from the pylorus. The length of 
the cannula was such that a spinal puncture needle when inserted to the hilt 
would just reach the orifice at the small end. attaching a 1 cc. tubercuhn 
sjTinge to the needle, the fluid could be completely removed from the cannula. 

With the cannula in place, the 50 per cent glucose solution was injected 
slowly and under a constant head of pressure into the stomach through a stom- 

’ Part of the data in this paper is taken from a thesis submitted in partial fulfillment of 
the requirements for the degree of Master of Science in the Department of Vital Economics 
of the University of Rochester, June 1938. 
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acli tube. The fluid introduced distended the stomach somewhat but did not 
make it full or tense. Since Van Liere and his associates (7) found that the 
size of the meal affected the evacuation time, we have used two different quan- 
tities of 50 per cent glucose in this studjc 

Fluid appearing in the cannula after the introduction of glucose was re- 
moved, measured and expressed into a 100 cc. volumetric flask, the samples 
for each 15 minute period being pooled and analyzed for sugar by the Bertrand 
method. At the end of an hour, 0.5 cc. of the fluid in the stomach w^as with- 
drawn with a syringe and analyzed so that the concentration of sugar in the 
gastric contents could be found. The esophagus was ligated near the cardiac 
sphincter prior to excision of the stomach and that part of the duodenum at- 
tached to the cannula. The contents were recovered by slitting the stomach, 
washing all parts thoroughly and transferring the washings to a volumetric 
flask for subsequent analysis. 


TABLE 1 


Coefficients of absorption with intact animals 
Milligrams per 100 grams body weight per hour 



1 HOUR 

2 HOURS 

Normal* 

213 

181 

Anesthetized (large meal) 

175 1 

1 

131 



* Feyder and Pierce, J. Nutrition 9: 435, 1935. 


Since we planned to use pento-barbital anesthesia in the experiments de- 
scribed above, and knew that it decreased gastric motility, we wondered whether 
the extent of the effect of the anesthetic on motility could be estimated from 
a study of glucose absorption in normal and anesthetized animals. Therefore, 
rats were given the same dose of pento-barbital we were planning to use in 
the gastric emptying studies and glucose absorption determined. 

Results. The effect of pento-barbital anesthesia upon glucose absorption 
in intact animals is shoivn in table 1. 


The chart shows curves plotted from data obtained with 26 rats each fed 
approximately 1000 mgm. of glucose and curves from results with 24 rats each 
fed approximately 650 mgm. glucose, in the form of a 50 per cent solution. 
In all experiments as time progressed there was a marked decrease in the rate 
at which sugar and fluid were discharged from the stomach and changes were 
more rapid early than late in the expeiiments. With the smaller meal the 
concentration of glucose was reduced to about 66 per cent of that udth the 
larger meal during the first 15 minutes and continued to maintain this relative 
level to the end of the hour. The volume discharged, however, was at first 
onl> 80 per cent of that following the larger meal and thereafter nearly the 
same at each mteiwal; consequently less glucose was emptied throughout from 
the stomach with the smaller than vdth the larger meal. 

The data m table 2 present findings after the elapse of 1 hour. With the 
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larger meal all values were higher than those obtained vdth the smaller meal. 
The absorption coefficients were calculated on the basis that all of the glucose 
emptied during the one hour period was absorbed. The value found (series I) 
agrees closely with that obtained with anesthetized intact animals fed a like 
amount of glucose (see table 1). 

Discussion. The average gastric residuum of 0.4 cc. reduced the concen- 
tration of the 50 per cent glucose administered to approximately 40 per cent 
in both series. When the large meal was fed, a more concentrated solution 
was emptied from the stomach during the first 15 minutes than with the small 
meal. Our data at 60 minutes conform more closely to those of Johnston and 
Ravdin (8) and Ravdin et al. (9) than to those of Karr et al. (10). The differ- 
ence in results maj'’ be due to different techniques. 



Figure 1 curves show fluid emptied, concentration of glucose in fluid and amount of 
glucose discharged after feeding 1000 and 650 mgm. glucose respectively. 

The secretion added following the two meals was about the same. Our 
data suggest that there is a limit ,to the secretory capacity of the stomach. 
During one hour the glucose concentration in the stomach had fallen to 21.6 
and 20.2 per cent, while the average concentrations of the fluid recovered from 
the cannula were 14.2 and 7.6 per cent respectively. This shows that either 
fluid secretion or glucose absorption or both is talcing place in the part of the 
duodenum exposed. The amount of residuum found in the stomachs of rats 
was not constant, and we know that this also holds true for man. This raises 
the question, what effect does initial gastric dilution of oralty administered 
glucose have upon sugar tolerance curves. Variations in dilution b 3 ’' gastric 
residuum would tend to alter the inhibitorj’’ effects of strong glucose solutions 
upon gastric motilitj^ and emptAung. 
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The fact that 10 and 7.5 per cent of the sugar fed was absorbed in the small 
portion of exposed duodenum reemphasizes the importance of the duodenum 
in the absorption of soluble foodstuffs. However, our results point also to 
the stomach as an important diluting organ in contrast ivith the findings of 
Shay et ah (11). Measurements of hydrogen ion concentration of the stomach 
contents of rats fed 50 per cent glucose indicate that the secretion of the stom- 
ach is not normal acidic gastric juice. 

Theoretical absorption coefficients were calculated and found to be 180.3 
with the large meal and 146.3 with the small. This indicates the close depend- 
ence of absorption upon the emptying rate of the stomach. The early rapid 
outflow from the stomach followed in 5 to 10 minutes by a retai'dation of flow, 
agrees well with the observations of Quigley and Phelps (3). Pento-barbital 
inhibits gastric motility (6) and it is possible that the effect of sugar and anes- 
thesia is additive. If, on the other hand, glucose exerts its action due to con- 
tact with duodenal mucosa, the anesthetic by reducing gastric motility may 


TABLE 2 

Summary of emptying rate at end of 1 hour 



SERIES I 

^ SERIES II 

Glucose fed 

1003.0 mgm. 

458.0 mgm. 

462.0 mgm. 
21.6 % 

1.9 cc. 

1.9 cc. 

2.2 cc. 

2.2 cc. 

180.3 

647.0 mgm. 

269.0 mgm. 

314.0 mgm. 
20.2 % 

1.4 cc. 

1.8 cc. 

1.6 cc. 

2.0 cc. 

146.3 

Glucose discharged 

Glucose remaining in stomach 

Glucose concentration in stomach 

Volume injected 

Volume discharged 

Volume remaining in stomach 

Amount fluid added by secretion 

Absorption coefficient (calculated) 



decrease the emptying rate, which in turn permits greater dilution vdthin the 
stomach and so reduces the effect of the concentrated glucose solution on the 
duodenum. 

In a series of intact animals with and without anesthesia the amount of 
glucose remaining in the stomach was determined 15, 30, 45 and 60 minutes 
after feeding glucose. All results showed more glucose remaining in the stom- 
ach of anesthetized than of non-anesthetized animals at each time interval. 
The glucose recovered at 15 minutes was 648 vs. 524 mgm., at 30 minutes 579 
vs. 530 mgm., at 45 minutes 560 vs. 493 mgm. and at 60 minutes 545 vs. 453 
mgm. The data show that pento-barbital retarded gastric emjitying and de- 
creased absorption. There is close agi-eement betiveen the calculated absorp- 
tion coefficient (table 2) and that actually determined with intact anesthetized 
animals-180.3 ys. 175. Similar agi-eement was found when the smaller meal 

was fed. The data (table 1), as with noi-mal animals, show that absorption 
decreases with time. 
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SUiMMARY AND CONCLUSIONS 

1. Fifty per cent glucose solutions introduced into the stomach are diluted 
rapidly by residuum and fluid secreted by the stomach. Maximum dilution 
occurs during the first fifteen minutes. 

2. The stomach is important as a diluting mechanism, but in our experi- 
ments dilution also occurs in the duodenum. 

3. The concentration of glucose in the contents expressed from stomach is 
lower with a small than with a large meal. 

4. The average concentration of glucose remaining in the stomach at the 
end of one hour is approximately 20 per cent regardless of whether 650 or 1000 
mgm. of glucose are introduced in form of 50 per cent solution. 

5. The rate of gastric discharge decreases with time. This rate is rapid in 
the first 15 minutes after feeding, then decreases, attaining a fairly constant 
state after 45 minutes. 

6. Pento-barbital anesthesia reduces rate of gastric discharge and glucose 
absorption from the intestine. 

7. The amount of glucose absorbed is dependent upon the size of the meal 
fed. 

8. Glucose absorption, especially in the first hour, is dependent upon the 
amount of sugar present in the gastro-intestinal tract. 
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Application of the concept of the motor-unit to smooth muscle has been 
denied by Rosenblueth and Rioch (1933), on the basis of indirect evidence. 
Using the cat’s nictitating membrane noth partially severed nerve supply, 
they progressively increased the frequency of stimulation of the cervical sj’-mpa- 
thetic nerve and obtained a corresponding increase in the height and tension 
of the contraction until it approximated that of the nictitating membrane vnth 
an intact nerve supply. Consequently, they considered that the ratio of the 
response from a preparation Avith an intact nerve supply to that vdth a partial 
supply was a function of the frequencj'' of stimulation, and not a function of 
the number of fibers cut, as in skeletal muscle, where the existence of a motor- 
unit is accepted, and the all-or-none principle applies. Rosenblueth and 
Rioch explained the augmented response on the basis of an increased quantity 
of a neurohumor and its diffusion to adjacent muscle cells. Thej’- concluded 
that the all-or-none principle and the concept of the motor-unit did not apply 
to smooth muscle. 

In Rosenblueth’s laboratory Klopp (1940) reinvestigated the possibility of 
smooth muscle motor-units in the chronically denervated nictitating membrane. 
Some of the elements were sensitized by partial denervation. Although the 
number of smooth muscle cells controlled by a nerve fiber varied with the 
frequency of stimulation, the responding area was relatively small unth a low 
frequency. Consequently he admitted that a relative division into units is 
defensible. 

From an anabasis of the electrical and mechanical records of a similar prepara- 
tion, Eccles and Magladery (1937) concluded that smooth muscle cells, “units,” 
are all-or-none, although these are not arranged in discrete motor-units. 

Bozler (1938) obtained an all-or-none contraction of uterine strips from the 
cat and guinea pig, in preparations in which all nervous- conduction was blocked 
with cocaine. He explained this conducted contraction on the basis of a muscle 
syncytiimi. According to this concept the entire uterus might be considered 
a single motor-unit. Bozler (1939) suggested that there are two kinds of 
smooth muscle, namely, visceral muscle, such as that of the uterus and ureter, 
and muscle with a motor innervation, such as that of the nictitating membrane 
and the blood vessels. In 1938 he also stated that it seemed unlikely that 
widespread syncytial connections occurred in the smooth muscle which is 
supphed by true motor nerves, like that of the blood vessels and the nictitating - 
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In a preliminary report on the neuro-motor mechanism of small blood A^essels 
in the retrolingual membrane 'of the frog, Fulton and Lutz (1940) suggested 
that the smooth muscle of the blood vessels was organized in motor-units. 
This concept has been supported by further investigation, and evidence has 
been obtained for syncidial smooth muscle segments in small blood vessels. 

Method. The retrolingual membrane of the frog, Rana pipiens, with brain 
and medulla destroyed, was exposed for transillumination using the method 
described by Pratt and Reid (1930). The animal was placed in a Petri dish 
and the tongue was everted over a glass block, cemented to the bottom of the 
dish. Sufficient Ringer’s solution was added to cover the block and the over- 
lying retrolingual membrane. The entire preparation was iDlaced on the stage 
of the microscope and illuminated by transmitted light. 

A unipolar, silver-glass micro-electrode, one to five microns in diameter at 
the tip, was made by drawing a glass capillaiy, containing silver wire, and 
placed in the field under the microscope by means of an Emerson micromanipu- 
lator. For use in stimulation, brief currents from an induction coil (Harvard 
Apparatus Company) were passed through the micro-electrode. A light- 
splitting prism and a motion picture camera were used to record significant 
responses of the small blood vessels to stimulation of minute nerves in the field 
of the microscope. Experiments were performed on untreated, and cocainized 
preparations (1 per cent cocaine hydrochloride). 

Results. Brief faradic stimulation of small nerves in the field of the micro- 
scope generally produced a diphasic response, dilatation followed bj’’ constric- 
tion (fig. 1). In each case, the reacting vessels, including arterioles, precapil- 
laries, and muscular capillary origins, constituted a limited vascular pattern, 
which was only a small portion of the total vascular area of the membrane. 
Certain capillary origins, possessing modified smooth muscle cells, responded 
in a sphincter-like manner, independently of the suppl 3 dng vessel. Except for 
their muscular origins, the capillaries did not respond, either to nerve stimula- 
tion or direct stimulation of the wall. In preparations stained vitally with 
methylene blue the perivascular nerve plexus appeared to be anatomically con- 
tinuous. Because stimulation of small nerves in the field of the microscope 
produced responses which were confined to restricted vasculaV patterns (fig. 2), 
the plexus must be considered phj'^siologically discontinuous. The limited re- 
sponses suggest the concept of a smooth muscle motor-unit. 

'iAfiien the response was diphasic, the area constricted was frequentty only 
a portion of that oi’iginally dilated (fig. 1, III). Occasionally^ nerves were found 
which produced onlj'^ one kind of response, either constriction or dilatation, to 
all strengths of stimulation. These observations imply that separate^ in- 
nervated constrictor and dilator units maj'’ be involved. Stimulation of any 
one of several small nerves produced a response confined to the same local 
vascular pattern. Such obseivations imply that axon reflexes were operating 
in efferent neurones, and are direct evidence for the concept of the smooth 
muscle motor-unit. 

In cocainized preparations of the retrolingual membrane, stimulation of the 
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blood vessel wall produced constriction of exactly the same region which re- 
sponded to nerve stimulation before treatment. Cocaine made the nerve 
plexus non-functional, since stimulation of small vasomotor nerves produced 
no response. Consequently, the limited conducted response implies a non- 
nervous conducting mechanism, sucli as a muscle syncytium, discontinuous at 
the junctions of certain vessels. McGill (1909) obtained evidence for a partial 
syncytium of vascular smooth muscle in the mammal. Our investigation 
shows that the musculature of the blood vessels of the frog’s retrolingual mem- 
brane is composed of a large number of discrete smooth muscle units. It does 
not permit a conclusion concerning the possibility of an all-or-none response of 



Fig. 1. I, II, and III are made from enlargements of single frames selected from amotion 
picture sequence. A, arteriole; B, precapillary; C, capillary ; D, nerve; E, micro-electrode. 
Original magnification, XIOO. I. Condition 0.8 see. before stimulation. II. Condition 
8.5 sec. following atimulatioiL Duration of stimulation 0.8 sec. Latent period 2.5 sec. 
(from the beginning of stimulation). Bubble at tip of mici’oelectrode indicates stimula- 
tion. Dilatation of the arteriole, precapillary, and capillary origin. III. Condition 7.7 
seconds later. Constriction, confined to the precapillary and capillary origin. 



Fig. 2. I and II are made from enlargements of single frames selected from a motion 
picture sequence. A, arteriole; B, precapillary; C, capillary; D, capillary; E, nerve; F, 
micro-electrode. Original magnification, X200. I. Condition 0.8 sec. before stimulation. 
II. Condition 4.3 sec. following stimulation. Duration of stimulation 0.8 sec. Latent 
period 1.5 sec. (from the beginning of stimulation). Bubble at tip of micro-electrode in- 
dicates stimulation. Constriction, confined to the precapillary. 


vascular smooth muscle, acting either as units or as individual fibens. How- 
ever, vascular and uterine smooth muscle may be alike in that both appear 
to be syncytial. Extensive contraction of blood vessels, when a nerve is stimu- 
lated, may depend upon the activation of a large number of independent motor- 
units coordinated through the neive supply. 

In the blood vessels of the retrolingual membrane sufficient nervous tissue 
IS present, m the form of a^ copious perivascular plexus, to innervate all the 
contractile elements. As pointed out clearty by Eccles'and Magladery (1937) 
rile concept of a sparse innervation of all smooth muscle is no longer tenable 
Because of the profuse nerve supply, as well as the syncytium, it is unnecessary 
to assume the diffusion of 'a chemical mediator from “key cells” to account 
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for conducted responses. ObAuously, the existence of an abundant innervation 
does not preclude direct neurohumoral transmission at the nerve-muscle junc- 
tion, but renders it plausible, since it would be difficult to explain the rapidly 
conducted, restricted responses of small blood vessels on the basis of diffusion 
of a chemical mediator from scattered key cells. The abundant innervation 
also affords a possible mechanism for electrical transmission. The blood vessels 
comprising a single reacting smooth muscle motor-unit do not influence ad- 
jacent and sometimes overl3''ing A’-essels of another unit. If diffusion occurs 
from kej'' cells, temporal and spatial factors should determine the progress 
and extent of the response. We have seen no such eAudence for diffusion. 

SUMMARY 

Stimulation of minute nerves, Avith a micro-electrode, produced spatialty • 
limited vascular responses, generallj'’ dilatation folloAA’-ed by constriction, in the 
small blood A'^essels of the retrolingual membrane of the frog, Rana pipiens. 
The limited responses suggest the concept of smooth muscle motor-units in 
small blood vessels. 
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In previous communications we pointed out that autonomic responses of the 
monkey differ from those of the cat (Bender, 1939; Weinstein and Bender, 1941). 
In the present paper, we wish to report another difference between these two 
species, namely, in the response of the denervated iris to local application of 
epinephrine. Observations on the local instillation of adrenalin in the con- 
junctival sac have previously’’ been made on cats, rabbits, rats, and birds (Drake 
et al., 1939; Koppanyd, 1926; Meltzer and Meltzer, 1904). The effect on the 
monkey iris has not been previously compared. 

Method. Sixty cats and thirty-two monkeys (macaca mulatta) were used. 
Observations were made of the iris of the unanesthetized animal in 1, the normal; 
2, sympathetically denervated (s.d.) in Avhich the superior cervical ganglion 
(s.c.g.) was removed; 3, the completely denervated (c.d.) in which all the ciliary 
nerves were sectioned behind the globe; 4, the trigeminally denervated in which 
the fifth nerve was cut intracranially or the ophthalmic di^^sion was sectioned, 
and 5, oculomotor denervated in which the third nerve was cut intracranially. 
All procedures were performed under aseptic technique. 

The pupillary diameter was measured ■with a millimeter scale under constant 
illumination. The data in some cats and monkeys were confirmed by controlled 
cinematographic studies (Lowenstein, 1927). The pupillary images were 
photographed in the dark on infra red sensitive films. After the films were 
developed, they were projected on a screen and the pupillary diameter measured. 

The adrenalin was instilled into the conjunctival sac in a dose of one drop 
of 0.1 per cent solution repeated three times every five minutes. In some in- 
stances, 1.0 per cent solutions were employed. Subconjunctival injections of 
drugs were made in 0.1 cc. volume. Many of the instillation and all subcon- 
junctival injection experiments were carried out under nembutal anesthesia in 
order to avoid the possible secretion of adrenalin because of fright or stniggle. 
The results obtained were the same as in the unanesthetized animal. 

Results. I. Adrenalin, (a) Cat. The instillation of 0.1 per cent adrenalin 
in the conjunctival sac of the normal or sympathetically denervated eye of the 
cat did not result in mydriasis. Blanching due to local vasoconstriction of the 


' This work has been aided by grants from the Josiah Macy Jr. 
Dazian Foundation for Medical Research. 
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palpebral and bulbar conjunctivae was noted. An increase in the number of 
drops or concentration of adrenalin up to 1.0 per cent was without significant 
effect, nor did removal of the nictitating membrane alter the results. Pre- 
liminary instillation of cocaine did not potentiate the mydriatic effect of local 
adrenalin. Several authors (Drake et ah, 1939; Schlossberg, 1932) have stated 
that following excision of the s.c.g. in the cat, the ipsilateral pupil dilates after 
adrenalin is placed in the conjunctival sac. This was never observed in our 
experiments, even when checked vnth cinematographic recording under constant 
illumination. Furthermore subconjunctival injections of 0.1 cc. of 0.1 per cent 
adrenalin failed to produce any m^'^driasis in these preparations. The onty ob- 
vious effects were constriction of the conjunctival vessels and resultant blanching 
of the membranes, cooling of the ipsilateral ear and widening of the palpebral 
fissure. 

When, however, the iris was completelj’^ denervated by sectioning all the ciliaiy 
nerves, instillation of one drop of 0.1 per cent adrenalin in the conjunctival sac 
invariably produced vithin 4 minutes an increase in from 2 to 4 mm. in the 
pupillary diameter. Severence of the ophthalmic division of the fifth nerve also 
produced a sensitivity to local adrenalin. This procedure not only interrupted 
the trigeminal innervation, but sectioned the post-ganglionic sympathetic fibers 
of the internal carotid plexus which enter the ophthalmic di^dsion, thus rendering 
the dilator pupillaiy fibers of the iris sensitive to adrenalin. Subconjunctival 
injection of 0.1 cc. of 0.05 per cent adrenalin in the eye with the completely 
denervated iris resulted in a mydriasis within 3 to 4 minutes. Here there was 
little blanching of the conjunctivae apparentlj’- indicating only slight vasocon- 
striction. 

(5) Monkey. The same quantity of adrenalin (3 drops of 0.1 per cent solu- 
tion) instilled into the conjunctival sac of the monke 3 r had no effect on the 
normal, but dilated the pupil of the s.d. and c.d. iris. Subconjunctival injec- 
tions of 0.1 cc. of 0.1 per cent epinephrine into the tested e 3 '^e produced the same 
effects as local instillation. The mydriatic effect of local adrenalin on the s.d. 
iris was more conspicuous than that on the c.d. iris. This is in marked contrast 
to the finding in the cat. Local epinephrine also dilated the pupil of the iris to 
which the trigeminal nerve suppty Avas interrupted by section of the ophthalmic 
division. As in the cat, the first dhdsion of the fifth cranial nein-e conducts the 
sympathetic fibers to the iris of the monkey. Cutting of the ophthalmic nerve 
abolishes the m 3 ^driasis produced by electric stimulation of the cerAUcal f33’^m- 
pathetic trunk and renders the pupillo-dilator fibers sensitive to adi-enalin; 
virtual^ a post-ganglionic denervation of the sympathetic suppty to the iris. 

11. Acetylcholine and eserin. Local application of eserin 0.1 per cent con- 
stricted the pupil of the normal and that of the oculomotor-denervated iris in 
the cat and monkey, more rapidty in the latter. The effects of local acet 3 dcholine 
and eserin on the dfeneiwated iris Avere as observed in the cat b 3 ^ Shen and Cannon 
(1936). From 3 to 6 da 3 "S following complete deneiwation of the iris, there was 
constriction of the pupil folloAAdng the application of 0.1 per cent eserin. As the 
nerve endings went on to complete degeneration, eserin became less effectiA^e 
nntil no miosis could be elicited. At this stage, hoAA'eA^er, the addition of one 
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drop of aceylcholine 0.1 per cent in tlie eserinized ej’-e produced a rapid miosis. 
It was during this 2 to 3 week period, when local eserin was without constrictor 
effect on the c.d. iris, that the acetylcholine sensitization phenomena was great- 
est. With regeneration of the ciliary nerve, the constrictor action of eserin re- 
appeared and acetylcholine sensitization diminished. There was no essential 
difference in these respects between the monke3’' and the cat. 

Discussion. We have previouslj^ pointed out the contrasting effects of intra- 
venously injected adrenalin and acetylcholine on the denervated iris pf the cat 
and monkey (Bender and Weinstein, 1940 ). The reactions to local instillation 
of adrenalin in the denervated eye also show dissimilaritj’’, not onl}'' in the re- 
actions of the two species, but between the s.d. and c.d. iris of the cat. This 
difference m&y be due to changes in the factors of local diffusion and absorption. 
Solutions introduced into the conjunctival sac reach the iris bj’’ the diffusion 
through the cornea and absorption b3’- the conjunctival blood vessels which 
anastomose vnth ciliaiy vessels. When the drug is injected subconjunctivally 
the route of diffusion through the cornea is ehminated and there remains only 
vascular absorption. 

It is of interest that while adrenalin is poorly diffused, eserin is readil3’- taken 
up from the cat’s conjunctival sac. Adrenalin is a vasoconstrictor and pro- 
duces blanching of the conjunctivae while eserin dilates blood vessels. Observa- 
tion on the effects of subconjunctival injections makes possible the assumption 
that vasoconstriction reduces the vascular bed to an e.xtent sufficient to prevent 
absorption of adrenalin by means of the local circulation. Accordingl3’-, there is 
no mydriasis obtained. The constriction of the denervated conjunctival vessels 
b3^ adrenalin in the cat must be more intense than in the monke3’’, for in the 
latter there is apparentb^ enough adrenalin absorbed to produce m3’^driasis. In 
the iris of the cat in which all the nerves behind the e3’^eball are severed, subcon- 
junctival adrenalin does not produce complete blanching and the pupil of the 
denervated iris becomes dilated, again indicating that when vasoconstriction 
is incomplete, there is better absorption of the drug. 

In addition to differences in the absorption mechanism by the conjunctival 
blood vessels, there is a probabilit3’ that the corneal permeabilit3’’ pla3'’s an im- 
portant role in altering the pupillary diameter following local instillation of 
adrenalin. As a matter of fact, the normal corneal epithelium has a selective 
permeability to various drugs. When its innervation is intact, there is ap- 
parentb'- insufficient diffusion of adrenalin from the cat’s conjunctival sac to 
act upon the s.d. iris, even though the latter ma3’- be ver3^ sensitive to the action 
of intravenously administered adrenalin. When the fifth nerve or the cifiary 
nerves are sectioned as in the c.d. iris preparation, the normal metabolism and 
permeability of the corneal epithelium is altered and thus adrenalin is allowed to 
diff use thiough and act upon the iris. A similar observation was made b3’' Poos 
( 1927 ) who found that partial denudation of the cornea increased its diffusibility 
and enabled local adrenalin to dilate the pupil. 

In considering the difference in response between the s.d. iris of the cat and 
monkey, aside from a probable species variation in permeability, it would seem 
that the denervated conjunctival vessels of the cat are e.vtremelv sensitive to 
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the vasoconstrictor effects of adrenalin while the A’ascular bed of the monkey is 
not as markedlj’’ constricted by epinephrine and is thus able to absorb a greater 
quantity of the drug. Once the adrenalin enters the circulation it reaches the 
iris to act on the dilator fibers . Previous studies have shovm that the denervated 
pupillodilator fibers of the cat are much more reactive than those of the monkey 
(see table). Thus it is again apparent that the organs deprived of their S 3 an- 
pathetic nerve supplj"- are much more sensitive to the humoral effect of adrenalin 
in the cat than in the monkey 


TABLE 1 


Comparative effects of adrenalin on the iris, of the cat and monkey, deprived of its post 
ganglionic sympathetic nerve supply hy the intravenous and conjunctival routes 


ADRENALIN 

CAT 

MONKEY 

Intravenous 

Marked mydriasis with 

Slight mydriasis even with 


minute doses 1 X 10~^ 

doses 1 X 10~® 

Subconjunctival 

No mydriasis 

Moderate mydriasis 

Local 

No mydriasis 

Moderate mydriasis 


SUMMARY 

1. The normal pupil of both the cat and monkej^ is unaffected by local applica- 
tion of 0.1 per cent adrenaUn. 

2. Adrenalin of the same concentration introduced into the conjunctival 
sac or injected subconjunctivally dilates the sympatheticallj’- denervated iris of 
the monkey but not of the cat. 

3. In the completely denervated iris, local adrenahn produces a marked 
mydriasis which is more conspicuous in the cat than in the monkej’". 

4. These variations may be due to differences in the mechanism of absorption 
by the conjunctival blood vessels and the selective peimeability of the cornea in 
each of the species. It is inferred that the conjunctival vessels of the cat con- 
strict much more readily with adrenalin than the same vessels of the monkey. 

We are indebted to Dr. Otto Lowenstein of New York University who made 
the cinematographic records in some of our experiments. 
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Modification of respiratory rhythm during inflation and deflation of the lungs 
(Hering and Breuer, 1868; Gad, 1880; Head, 1889, and others) gave early indica- 
tion of the participation of proprioceptive reflexes in the control of breathing for 
it was noted that an artificially sustained super-volume of the lungs held breath- 
ing in the expiratory position whereas collapse of the lungs resulting from 
pneumothorax tended to hold respiration in the inspiratory phase (Head). In 
our observations on pneumothorax under conditions of moderatelj’’ deep mor- 
phine-urethane anesthesia and of intensified asphyxia we have found evidence of 
a systematic progression of changes in several respiratory drives and a tentative 
explanation of their causes. 

Method. The procedures which we employed are similar to those previously 
described in more detail (Gesell and Moyer, 1935). Dogs, anesthetized nith 
morphine and urethane, were connected with a bank of rebreathing tanks to 
facilitate the administration of gaseous mixtures of various compositions. A 
specially constructed pneumothorax cannula, provided nith a retaining flange, 
was sewed aiv-tight into one side of the chest after rupturing the mediastinal 
pleurae. Bilateral pneumothorax was thus quickly producible by removing a 
large stopper at the end of the cannula and normal conditions were as con- 
veniently and rapidly reestablished hy returning the stopper and udthdraudng 
the pleural air through a side tube of the cannula. Respiratoiy movements 
were followed by recording the circumference changes of the torso. This was 
done uith specially adapted bands, slipping easily over a depilated and pow- 
dered skin. Spirometer tracings revealed the actual changes in lung volume 
(see fig. 4). Downstrokes in each ti-acing correspond with inspiration and up- 
stroke with expiration. 

Results. The changes in breathing illustrated in figure 1 are the result of a 
suddenl}'^ produced pneumothorax while the animal Avas breathing room air. 
The collapse of the lungs is complete. The findings are comparable to those of 
Head on the rabbit in that anesthesia in this particular instance was relatively 
light. The first inspiration during pneumothorax was markedly intensified and 
Prolonged, giving waj'' eventually to short and weak interruption from the ex- 
piiatoij side of the respiratory center (decreased torso circumfei’ence). Since 
the prolongation of inspiration is greater than the shortening of expiration 

1 Preliminary Report: Proc., This Journal 133: 292, 1941. 
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breathing is retarded. As pneumothorax continues, the chemical stimulation of 
breathing must mount precipitously to high values. Nevertheless inspiration 
increases in relatively small proportion as compared to the initial increase pro- 
duced by pneumothorax (see the progressivel.v increasing torsal circumference 
at the end of inspiration). It is, therefore, concluded that the proprioceptive 
inspiratory drive originating in the collapse of the lungs must be extremelj’’ power- 
ful. Though the intensity of inspiration increases slightly as ]meumothorax 
continues, the duration on the contrary shows a progressive diminution. This 
is indicative of a development of a counter force (i.e., expiratory activit}’') tending 
to produce an earlier inspiratoiy interruption. Direct evidence supporting this 
interpretation is seen in the increasing intensity and duration of expiratoiy ac- 
tivity. (Note the progressively decreasing torsal circumference at the end of 
the expirator}’' phase and the increasing duration of expiration running parallel 

Fig. 1. Respiratory band tracing before and during bilateral open pneumothorax. In- 
spiration downstroke. 
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Fig. 2 Fig. .3 

Figs. 2 and 3. Respiratorj^ band tracing before, during and after pneumothorax. Figure 
2, pneumothorax during the administration of room air. Figure 3, pneumothorax during 
the administration of a gaseous mixture low in oxygen. 

with increasing activity.) The equalization of inspiratoiy and expiratory 
activity resulting from this disproportionate increase of expiratoiy activity tends 
to produce a progressive acceleration of breathing (see Gesell and Hamil- 
ton, 1941). 

Under deeper anesthesia the effects of pneumothorax were modified in varjdng 
degrees. Qualitative^" the results were comparable to those already described. 
In many instances thej" seemed to differ in quantitative aspects onlj", see figure 2 
for example. Here, the initial retardation of breathing so striking in figure 1, is 
missing. Nevertheless inspirations are both intensified and prolonged. The 
pi olongation of inspiration occurs at the expense of a drastic cut in the so-called 
cxpiiaton pause, seen during the preceding eupnea. Inspirations, which were 
noimallj shorter, are now longer than their succeeding expiratory phases. The 
inci casing toi.-?al circumferences at the end of succeeding inspirations and the 
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decreasing circumferences at the end of expirations give evidence of increasing 
inspiratory and expiratory activity with the progress of penumothorax. The 
disproportionate increase of expiratory activity over that of mspiration is more 
striking than in figure 1. As a consequence there is a more rapid balancing of 
the inspiratory and expiratory components and a more rapid increase m the 
frequency of respiratory rhythm. The great shortening of the expiratory pliase 
(see eupnea) in itself allows a high frequency of breathing. 




SPIROMETER 

TRACING 



PNEUHAO 

THORAX 



Fig. 4. Chest band and spirometer tracings before, during and after pneumothorax 
during the administration of room air. 

Ill figure 3 the response to pneumothorax is further altered by the introduction 
of a new variable. Instead of allowing the animal to breathe room air, as it did 
five minutes previously in figure 2, an 8 per cent mixture of oxygen in nitrogen 
was administered and the effects of pneumothorax reobserved. Although the 
effects of penumothorax are clearly modified the initial results seen in the firet 
four breaths are qualitatively comparable to those illustrated in figures 2 and 1. 
There is a prolongation and intensification of inspiration, a progressive increase 
of both inspiratory and expiratory activity, an equalization of inspiratory and 
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expiratoiy components and an accelerated frequency of breathing. Following 
breath 4, however, there is a progressive retardation of breathing. This new 
departure in respiratory response can hardlj'^ be attributed to a weakening of the 
respiratory mechanism for the strengths of inspiratory and expiratory contrac- 
tions are grovdng. As we shall tiy to show, the retardation of rhvthm seems to 
be linked vdth an increasing dominance of expiratoiy activity. 

An accentuation of the results seen in figure 3, in which the preliminar 3 '’ changes 
of breathing during pneumothorax are virtually eliminated, is not uncommon. 
In figure 4, for example, onlj’’ the firet inspiration is clearl}’" prolonged. Barring 
that respiratoiy C 3 "cle, breathing virtuall 3 ’^ begins at maximum frequency and 
within a short period of four rapid breaths retardation of breathing is clearly 
under wa 3 L It is significant that expiratoiy activity is strong in the veiy first 
respiratory cycle. The relatively even balance of inspiratory and expiratory 
activity which is assured b 3 '’ this initially powerful expiratoiy component would 
seem to be a logical explanation of the initial high frequency of breathing. As 
expiratory activit 3 '’ continues to grow in strength, it gains predominance in the 
respirator 3 '^ act and holds inspiration more and more in abe 3 mnce. The evidence 
for supereupneic expiratory activity during pneumothorax is obvious in the 
constricted condition of the torso during the so called ‘'expirator 3 ’' pause.” B 3 ’' 
extending the eupneic expirator 3 ’’ level, it will be seen that the expiratoiy circum- 
ference is subeupneic and if further allowance be made for the absence of the 
inward elastic pull of the lungs which normall 3 ’’ assists the expirator 3 ’’ muscles it 
ma 3 ’’ be assumed that the torsal record under-indicates the power of the ex- 
piratoiy contraction. That is a point worthy of use in the evaluation of all of 
our results. 

Discussion. In the interpretation of our observations the respiratoiy center 
is pictured as two half-centers working in reciprocal coordination. B 3 ’’ virtue 
of reciprocating collaterals one half-center alternately dominates the other, for 
increasing activit 3 ’’ in one tends automaticaIl 3 '’ to inhibit the activit 3 '’ in the other. 
Under usual conditions the driving forces (chemical, proprioceptive and otheis) 
acting on both half-centers are adjusted to assure a well balanced respiratoiy act 
of suitable rlythm (for details see Gesell, 1940a, 1940b). Should the balance of 
the respiratoiy drives be upset to the advantage of- either, the expiratoiy or 
inspiratoiy half-center, as it is during artificial suporinflation and deflation of 
the lungs, a respiratoiy imbalance occurs. Changes in the chemical and proprio- 
ceptive drives set in and beget a continuing change in the respiratoiy act. 

It is these changes which we wish to consider: a, the initial dominance of 
inspiratoiy activit 3 '; h, the equalization of inspiratoiy and expiratoiy activit 3 ' 
and its accompainung increasing respiratoiy rlwthm, and c, the final dominance 
of expiratoiy acti\dt 3 ' and its associated retardation of breathing. 

Granting that the pulmonaiy vagal stretch receptors are jiredominantl 3 ' e.x- 
piratory excitatoiy (Worzniak and Ge.sell, 1939; Gesell, 1939; Gesell and Mo 3 -er, 
1941; and Gesell and Worzniak, 1941) and that the collapse receptors are pre- 
doniinantl 3 ' inspiratoiy excitatoiy (Head, 1889), it is clear that pneumothorax 
removes a potent iiroprioceptive expirator 3 ' diive and substitutes in its stead a 
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powerful and continuing proprioceptive inspiratory drive. This change alone 
should be sufficient to give dominance to the inspiratoiy half-center, and once 
dominance is established the inspiratory half-center is open to further inspiratory 
stimulation wherever it ma}’- originate (Gesell and Hamilton, 1941). Since a 
rising tension and distortion of the Golgi endings in a contracting muscle auto- 
maticall}'' reinforces the contraction producing this distortion (Worzniak and 
Gesell, 1939), and since this distortion must be very powerful in the inspiratory 
muscles during pneumothorax, it follows that the intensified Golgi reflex would 
support the dominance of the inspiratoiy act. It is highly probable that other 
reinforcing reflexes also exist. 

But the forces that tend to terminate the inspiratoiy discharge and thus give 
precedence to the existing expiratory drives (Gesell, 1940), also demand con- 
sideration. With the chest intact there are several factors which may contribute 
to these forces : 1. The inherent tendency of self limitation of discharge possessed 
by the inspiratory half-center (this concept is based on a theoretical increasing 
threshold of excitation rising above the excitatory stimulus). 2. The simul- 
taneous recovery of the expiratoiy half-center from its previous discharge com- 
bined RTth a concomitant stimulation primarilj^ of proprioceptive origin. 
3. Inhibition of the inspiratory half-center, primarily of a reciprocal nature, 
originating in the opposing expiratory half-center, and 4, an increasing suscepti- 
bility of the inspiratory half-center to inhibition during the progress of each 
inspiratory discharge. The phenomenon of increased susceptibility to inhibition 
from previous activity was established by Sherrington and Sowdon (1940) and 
Fulton (1938) in spinal reflexes and confirmed by Gesell and Hamilton (1941) 
in the respiratory center. 

In the analysis of breathing during pneumothorax it becomes essential to ap- 
preciate that the collapsed condition of the lungs should theoretically modify 
each of these four factors. The failure of the lungs to expand with each in- 
spiratory discharge eliminates the inspiratory excitatory component of the vagal 
stretch reflex. Inspiration, therefore, progresses more slowly thus involving 
factors 1 and 4 (less fatigue). The failure of the lungs to expand also eliminates 
the powerful expiratory excitatory component of the vagal stretch reflex thus 
involving factors 2 and 3 operating through the expiratory half-center. The 
plausibility of these suggestions may be tested in the converse situation where 
the respiratory center is subjected to excessive vagal stretch receptor drives, 
both inspiratoiy and expiratory (Gesell and Moyer, 1941). Under these condi- 
tions breathing is often irregular, with deep, powerful and extremely rapid 
respiratory contractions interchanging vdth more shallow respiration. The 
shallowness of breathing must not, however, be used as an indication of weakness 
of the smaller inspiration for all of the respiratory movements, deep and shallow 
a ike, transpire vith exceptional speed. It therefore seems probable that under 

le peculiar condition of pulmonary inflation even powerful inspirations are 

iig 1 J susceptible to intermption long before they attain a normal depth. Con- 
\eise y then a slowly developing inspiration during pneumothorax in which the 
acee eiating vagal proprioceptive drive is missing should attain a greater depth 
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than normal. Furthermore the elimination of the vagal expiratory excitatory 
reflex during pneumothorax should diminish the reciprocal interrupting action 
of the expiratory half-center thus allowing inspiration to reach a still greater 
depth. 

The equalizalion of inspiraiory and expiratory activity and the associated increase 
in respiratory rhythm. The equalization of inspiratorj'' and expiratorj’’ activitj’’ 
which occurs during the progress of pneumothorax is the most apparent cause of 
the increasing frequency of breathing, for equal activity of the competing centers 
would tend to equalize the periods of the respiratoiy cycle and thus permit 
acceleration (Gesell and Hamilton, 1941). Several factors leading to a greater 
dominance of expiratory activity were mentioned above. In some stUl unknown 
waj’’ increasing depth of anesthesia seems to promote a relatively greater ex- 
piratoi’}’’ activit 3 ^ Oxygen lack has the same effects. The progressivelj’- in- 
creasing asphjoda resulting from a continuance of pneumothorax may, therefore, 
be regarded as a logical explanation of the relative increase of expiratorj’- activity. 
This may be related to a growing fatigue of a highly overworked inspirator}’’ 
half-center. But in addition there is the possibilit}’’ of a complementary proprio- 
ceptive reinforcement of expiratory activity which may prove to be the most 
important factor of all. Proprioceptive sensory endings in the respiratory 
muscles and their associated tendons and joints must suffer distortion in direct 
proportion to the intensity of the respiratoiy contractions. Since the inspira- 
tory contractions are extremely powerful the proprioceptive excitation originat- 
ing in both the inspiratory or expiratory muscles and tendons could be intense. 
Adding to these potentialities the univemal power of central summation of 
impinging signals and of central after-discharge, a plausible mechanism of in- 
creasing expiratory activity is at hand. Because inspiratory activity is almost 
maximum and expiratory activity relatively weak at the beginning of pneu- 
mothorax a disproportionate increase in expiratory activity is undeistandable. 

The final dominance of expiratory activity and its associated retardation of 
breathing. If the disproportionate increase of expirator}’’ activity continues, a 
point is ultimately reached in which expiration dominates the respiratoiy cycle. 
The e.xpiratoiy phase increases in duration and the frequenc}’’ of breathing 
diminishes. The conditions are comparable to the graded decrease in respirator}' 
rhythm produced by a graded inflation of the lungs in which expirator}' activity 
is correspondingly increased. Due to the increasing reciprocal inhibition of the 
inspiratory half-center the discharges of this center arc progressively delayed. 

The evidence for the existence of a super-e.xpiratory activity at the end of 
pneumothorax is illustrated in the spirometer record of figure 4. Wien the 
lungs are sucked back to the thoracic cage and the opening in the chest occluded, 
their volume is seen to be considerably smaller than it was at the end of expira- 
tions in the preceding eupnea. This indicates that the chest was constricted 
more than normal. Now when the chest of an intact animal is passively com- 
pre.s,sed (vagi intact), breathing u.sually accelerates, due to a new balance in the 
proprioceptive drives. The converse stoppage and retardation of breathing 
noted in the actively constricted chest must have a significance of its own. 
Everything points to the fact that an excessive expiratory activity already 
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existing during pneumothorax is continued and augmented long after pneu- 
mothorax is abolished. Continuance of pre-existing super-expiratory activity 
is made possible on reinflation of the lungs by the withdrawal of the powerful 
inspiratory drive originating in the collapse receptors plus a highly probable 
intensified expiratory drive originating in the stretch receptors. Due to the 
prolonged collapse of the lungs, reinflation may produce a relatively strong dis- 
charge of the proprioceptive endings even though the lungs be smaller than 
normal. The reduced chemical stimulation resulting from a refilling of the lungs 
may also play a part in prolonging the expiratoiy phase. Wiile an improved 
ventilation of the blood undoubtedly occurs it is reasonably certain that the 
chemical stimulation remains higher than normal. This gives unusual interest 
to the prolonged “apnea.” Only as asph3’-xia increases to still higher values is 
the dominance of the expiratory half-center ultimately interrupted. But even 
after breathing has been reinitiated indications of a protracted though diminish- 
ing super expiratory activity still exist, namety, a subnormal expiratoiy lung 
volume and a subnormal frequencj’’ of breathing for the first seven breaths. 

SUMMARY AND CONCLUSIONS 

Bilateral open pneumothorax in the anesthetized dog produced a systematic 
progression of changes in breathing. The first effect was a marked intensifica- 
tion and prolongation of inspiratory activity associated vnth a relatively weak 
expiratory activity. The second effect was a slowly increasing intensity of 
both inspiratory and expiratory activity in which the increase of expiratory 
activity predominated. This led to a shortening of the inspiratorj’’ phase and 
to an acceleration of breathing. Acceleration of breathing continued up to an 
equalization of inspiratory and expiratory activity. Passing that point ex- 
piratory activity predominated, leading to a marked prolongation of the ex- 
piratoiy phase and to a diminution in the respiratory rh^Thm. 

The marked intensification and prolongation of the inspiratoiy act at the 
beginning of pneumothorax is attributed to a combined change in vagal proprio- 
ceptive drives — a powerful inspiratoiy excitatory pulmonary deflation reflex 
replaces a predominantly expiratory excitatorj'' stretch reflex. 

The acceleration of the frequency of breathing is attributed to a dispropor- 
tionately increasing intensity of expiratory activity. This increasing expiratory 
activity is thought to originate in the increasing asphj’-xial chemical drive 
operating more powerfully on the expiratoiy half-center and in a progressive 
synaptic summation of expiratory drives originating in excessive deformation 
or proprioceptive endings in the respiratory muscles and their attachments 
and joints. 

The final slomng of respiratory rhythm is attributed to an intensified reciprocal 
inhibition of the inspiratoiy half-center associated with the increasing pre- 
dominance of expiratorj'^ activity. 

Without an early development of expiratoiy activity an animal must die in 
inspiratory tonus even though the chest wound be relatively small, for vdthout 
powerful alternating activity of the inspiratory and expiratory muscles tidal air 
must he inadequate. 
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A vital mechanism exists in the organism which brings about the cessation of 
bleeding from a wound. Duke in 1910 introduced the bleeding time test which 
measures the duration of bleeding from a skin wound (1) . In spite of the numer- 
ous reports on heparin affecting coagulation time, we found no organized studj" 
regarding the effect of heparin upon the bleeding time. Onl}'- occasionallj’- has 
the bleeding time been determined in patients who received heparin intra- 
venously (2). The bleeding time in these instances was found to be normal. 
The problem which remains to be solved is, if any correlation exists between the 
bleeding time and the coagulative property of the blood. 

Since heparin is believed to be a physiological anticoagulant (3), we under- 
took to test its influence upon the bleeding time. In order to studj- the bleeding 
time experimentally, it was necessary to employ a reliable method. Doettl 
and Ripke (4) described a method in mice which we examined for its accuracj'' 
and suitability. We attempted to determine whether any correlation exists 
between the coagulation time and the bleeding time; if injections of moderate or 
excessive doses of heparin would influence the bleeding time; and finally, what 
clinical and pathological changes could be observed after single or repeated in- 
jections of heparin. 

Methods. The method which Doettl and Ripke introduced for the deter- 
mination of bleeding time in mice was modified slightl 3 ^■’ The mouse was placed 
m a brass tube 7.5 cm. long, a perforated cork was fitted in one side and the tail 
was inserted in a Incite tail holder which closed the brass cage on the opposite 
side. Thus the mouse lost its freedom of movement, but wms still in a com- 
fortable position. The brass cylinder was suspended at an angle of approxi- 
mately 40 degrees by a clamp so that the tail was immersed in a physiological 
saline bath. 

The solution was kept at a constant temperature (37.5°C.). The normal 
saline was changed for each test and in cases of prolonged bleeding whenever the 

* Read by title in part before the Annual Meeting of the Federation of American Societies 
for Experimental Biology, Chicago, Illinois, April, 1941. 

• Aided in part by a grant from the Dazian Foundation for Medical Research. 

^ George A. Breon Fellow in Experimental Medicine. 

^ Rersonal communication from the Elberfeld Physiological Institute of the I G Far- 
cenindustrie A G, 1940. 
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blood made the solution cloudy. A stylet with a needle point was employed to 
cut one of the tail veins which are prominent. Bleeding time was measured from 
the moment the blood was seen emerging from the wound until the flow of red 
blood stopped. We differentiated five flows: very strong, strong, medium, feeble 
and veiy feeble. Whenever arterial flows were obtained, they were easily dis- 
tinguished by their pulsating character; these were excluded from normal venous 
flow values. Normal values were determined in mice by subjecting the animals 
to repeated tests in order to establish the limits of normal variation, and to ascer- 
tain how well the values would check in the same animal. The effect of tem- 
perature was also studied in a group of mice to determine whether this would 
alter the normal bleeding time. 

The heparin studies were carried out with four preparations of heparin: two 
products of the Connaught Laboratories, Toronto, 100 and 110 units per milli- 
gram (CLT-100, CLT-110), the commercial product of Hoffmann-LaRoche, 2000 
units per cc. (HLR), and the commercial material of Hynson, Westcott and 
Dunning, 1 milhgi’am preventing coagulation of 7.5 cc. of shed cat’s blood for 
24 hours (HWD). The potenc}’’ of these A'^arious preparations Avas checked by 
coagulation studies on dog’s blood prior’ to their use in mice. We found the 
comparative potencies of CLT-100 and HWD to be similar to the assay of 
Charles and Scott (5). One unit HLR AA^as one-fifth as potent as 1 unit CLT- 
110. Each dose of heparin injected was expressed per 20 grams of mouse AA'eight 
and this aa'Rs dissoRed in 0.5 or 1.0 cc. of physiological saline. 

Three groups of heparinized mice AA'ere studied. In one group graduall}’’ in- 
creasing doses of heparin AA-ere injected and the bleeding time was determined 
1 to 3 hours afterAA'ards. In the second group the cumulative effect of the three 
preparations of heparin upon the bleeding time and hematoma formation AA-as 
studied in 19 test and three control mice. The preparations AA^ere injected sub- 
cutaneously at 12 hour intei'A'als elcA’^en times. In the last group bleeding time, 
coagulation time, platelet count and hematoma formation AA^ere studied from 1 
to 7 hours folloAA’ing heparinization. The coagulation studies AA'^ere done from 
tail blood by the capillary method AA’hich gave an aA’^erage value of 114 seconds 
in 11 normal mice. Platelet counts AA^ere done by the method of 'Vilarino and 
Pimentel (6) on 0.2 cc. of blood obtained from the mouse’s heart. The aA'^erage 
platelet count AA-as found to be 277,000 in 13 mice. 

Adult male and female mice fed Purina Fox ChoAA- (Purina Mills, St. Louis, 
Mo.) and crushed oats AA-ere used. 

Results. FolloAA-hig A^enepuncture a red floAv of blood issued from the AA-ound 
and floAA-ed directly to the bottom of the container through the normal saline 
solution in an cA'er diminishing stream until the flow finaU3’- ceased. MoA-e- 
ments of the tail disturbed the steadj' Aoaa- of blood and made the obserA-ation 
more difficult. At times aa-c observed an intermittent fluctuation in the strength 
of blood floAV. OccasionallA* a colorless or a pink floAV AA-as obsei-A’-ed under strong 
illumination after the red floAV had stopped. We belioAm this pink or colorless 
floAV is either h-mph, tissue fluid, or plasma AA-hich maj’- filter around the clot. 
The clot first forms inside of the AA'ound and often e.xtends to the surface. 
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A. Normal mice. In order to show that venous flows of different magnitude 
do occur and that repeated tests on the same animal vary, findings on 25 normal 
mice are listed in table 1. The determinations were repeated the following day 


TABLE 1 

Repealed determinations of bleeding time in normal mice (males) 


^*rMBER 

COLOR 

WEIGHT IN 
GRAMS 

BLEEDING TIME 
10-16-^0 

BLEEDING TIME 

10-17-40 

BLEEDING TIME 

10-23-40 

AVERAGE 



In seconds 

1 

W 

20 

S 

60.4 

j 

S 

58.8 

s 59.4 

59.5 


2 

w 

26 

s 

69.0 


s 

66.9 

s 113.3 

83.1 


3 

w 

24 

f 

46.4 


m 

48.2 

f 29.0 j 

41.2 


4 

B 

22 

m 

35.4 


I ni 

37.8 

ss 90.0 A 

36.6 

+ 

, 5 

B 

28 

f 

56.0 



57.6 

f 28.6 
m 79.1 i 

55.3 


6 

W 

25 

n\ 

27.5 


f 

19.3 

m 53.4 

30.3 








f 

21.1 




7 

W 

28 

1 

f 

23.1 


m 

33.3 

1 

m 35.4 
ss 108.5 A 

30.6 


8 

W 

25 

f 

25.4 


f 

44.2 

m 40.5 

36.7 


9 

W 

26 

s 

41.0 

j 

f 

28.4 

m 22.4 

30.2 


10 

B 

22 

ff 

18.7 

! 

s 

36.8 j 

ra 45.8 j 

33.8 


11 

W 

24 

s 

56.4 


s 

71.7 

m 57.2 

61.8 


12 

B 

18 

s 

35.6 


f 

15.4 

f 33.8 j 

35.5 








s 

57.2 i 




13 

B 

18 

s 

49.7 

j 

s 

64.2 

s 46.6 j 

53.5 


14 

W 

19 

f 

33.8 


f 

30.2 

f 40.2 

46.3 





m 

53.4 

j 



s 73.8 j 



15 

w 

20 

s 

63.4 


f 

44.9 

s 156.0 

88.1 


16 

w 

22 

s 

72.5 


f 

41.9 j 

f 27.0 i 

m 97.8 

59.8 


17 

w 

22 

m 

27.9 

j 

ss 

172.6 jA 

s 82.2 

55.1 

-k 

18 

w 

26 

m 

21.0 


s 

76.8 

m 99.9 

65.9 


19 

• w 

20 

s 

115.0 

j 

m 

32.1 j 

s 71.0 j 

72.7 


20 

w 

24 

m 

58.5 


s 

26.6 

s 18.4 

34.5 


21 

\v 

22 

s 

66.2 


f 

31.6 

m 48.2 

48.7 


22 

w 

22 

f 

19.0 


m 

66.6 i 

s 109.7 

60.0 





s 

44.7 







23 

w 

18 

f 

59.3 

j 

s 

44.2 j 

f 31.2 
s 91.3 j 

56.5 


24 

w 

24 

m 

25.2 


m 

43.8 i 

ss 130.1 A 

34.5 

-t- 

25 

w 

20 

s 

73.4 


f 


f 41.7 j 

45.0 









24.4 j 

m 40.3 




S3 - very strong, s = strong, m = medium, i = feeble, ff = very feeble ; j = movement of 
tail; A = arterial flow, + = arterial flow not included in average value; W = white B = 
black. ’ 


and after one week. We believe the variation in bleeding time is probably due 
to differences in the size of the wound, a condition which is difficult to control 
even though the same lancet was used evely time. It is evident from these re- 
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suits that a difference of ±30 seconds, in contradiction to Doettl and Ripke (4), 
should be regarded well within the normal range. The differentiation in strength 
of the flow shows that stronger flows usuallj’’ have longer values, although ex- 
ceptions frequently occur. Whenever the artery was inadvertentl}’- stabbed, 
the veiy strong pulsating flow was longer. Arterial values ranged from 90 to 212 
seconds in 11 mice; the average was 122 seconds. 

In flgure 1 the frequencj’- distribution of 310 determinations of venous bleeding 
time in 118 normal mice is shown. The limits of variation on these mice ranged 
from 15.4 seconds to 220 seconds; the average was 54 seconds. 

In agreement with other investigators (4, 7) we found that lower temperatures 
are capable of prolonging the bleeding time. 



Fig. 1 

B. Heparinized mice. Table 2 shows the effect of two preparations of heparin 
upon the bleeding time of 98 mice. Doses of heparin HLR varying from 1 to 
4000 units were injected into 59 mice vdthout any prolongation in bleeding time. 
In a second series of 39 mice which received from 20 to 800 units CLT-100, three 
of the animals had bleeding times from 23 to 31 minutes. 

Toxicitj' studies conducted in 10 mice by injecting 3000 to 4000 units of HLR, 
800 units of CLT-100 and 1000 units of CLT-110 showed that neither preparation 
was toxic. The animals which died following injection of massive doses of 
heparin either developed extensive hematomas on the back due to trauma of 
injection, or died following the bleeding time test after cleaning their tails. This 
was never obseived in normal mice. 

Since the bleeding time was prolonged in some of the mice onlj’’ after massive 
doses of heparin, we decided to make simultaneous studies of the effect of hepaiin 
on the bleeding time, coagulation time, and the platelet count. For this purpose 
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a more potent preparation of heparin, CLT-110, -n-as injected into 28 mice. The 
results upon 16 of these mice are shown in table 3. 

Nine mice which received from 5 to 20 units were studied from 47 to 106 
minutes following the injection. These animals had normal bleeding times 
while their coagulation times were somewhat prolonged. The data suggested 
that longer time intervals were required following subcutaneous injections of 
heparin to prolong the coagulation time; we therefore studied the remaining 

TABLE 2 


Effect on hleedmg time of txvo preparations of heparin in various -units injected into mice 


NUMBER OF MICE 

NUMBER or 
DETERMINATIONS 

PREPARATION 

UNITS* ADMINIS' 
TERBD PER 20 
GRAM 

MOUSE WEIGHT 

RQ^E OF 
ll^rcCTION 

AVERAGE BliEED- 
i ING TIME 

1 

17 

20 

HLR 

1-20 

I.P. 

1' 3.8" 

6 

7 

HLR 

10-20 

S.C. 

1' 16.6" 

16 

21 

HLR 

50-100 

S.C. 

51.2" 

0 

8 

HLR 

200 

S.C. 

35.3" 

4 

5 

HLR 

500 

S.C. 

59.5" 

4 

6 

HLR 

1000 

S.C. 

45.1" 

1 

2 

HLR 

2000 

S.C. 

1 55.4" 

4 

6 

HLR 

3000 

S.C. 

1'23.7" 

1 

2 

HLR 

3000 

I.P. 

3' 52.0" 

1 

1 

HLR 

4000 

S.C. 

1' 13.6" 

4 

9 

CLT-lOO 

20 

S.C. 

54.2" 

8 

11 

CLT-100 

50 

S.C. 

39.5" 

6 

8 

CLT-lOO 

100 

S.C. 

52.5" 

3 

4 

CLT-lOO 

150 

S.C. 

1'55.9" 

1 

1 

CLT-lOO 

150 

S.C. 

5' 17. S" 

8 

12 

CLT-lOO 

200 

S.C. 

52.8" 

1 

2 

CLT-lOO 

400 

S.C. 

53.2" 

1 

1 

CLT-lOO 

400 

S.C. 

30' 48.0" 

1 

1 

CLT-lOO 

400 

S.C. 

27'5S.O" 

2 

2 

CLT-lOO 

800 

S.C. 

1' 33.9" 

1 

1 

CLT-lOO 

800 

S.C. 

23' 53.0" 

17 

22 

Controls with isotonic saline S.C. 

1'22.8" 

13 

17 

Controls five days after subcutaneous 
injection of 50 to 800 units of heparin 
CLT-lOO 

56.2" 


* CLT-100 found to be five times as potent as HLR; I.P. = intraperitoneally, S.C. = 
subcutaneously. 


animals after longer periods of time. Six mice were injected vdth 200 units of 
heparin. The bleeding times were determined from 169 to 263 minutes later. 
Out of this group, one mouse had a bleeding time of 30 minutes following the 
fourth prick, another 27 minutes, 40 seconds following the first prick. One of 
these mice bled to death during the test, the first time that this had occurred. 
In two animals the bleeding time was slightly prolonged, while in two others it 
was normal. Six animals received 500 units; the time of heparin action was 1 
to 7 hours. Two mice in this group showed an increased bleeding time; one. 
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58 minutes, 28 seconds following the second prick, another 60 minutes following 
the second prick. The remaining four mice had normal bleeding times. Seven 

TABLE 3 


Co?7ipariso7i between bleeding time, platelet count, and coagulation time foUoiving subcuta 7 ico 7 ts 
injection of heparin {Connaught Laboratories, Toronto, 110 units per milligram) 
in various doses per 20 gra77is mouse weight 


GROUP VII 
MOUSE 
NUMBER 
SEX 

BLEEDING 

TIME 

BEFORE 
INJECTION 
IN SECONDS 

1 UNITS OF 
HEPARIN 

i 

DURATION 
OF HEPARIN 
ACTION 
UNTIL 
BLEEDING 
TIME TEST 

BLEEDING TIME 
AFTER INJECTION 

DURATION 
OP HEPARIN 
ACTION UNTIl 
COAGULA- 
TION TIME 
TEST 

. COAGULA- 
TION TIME 

PLATELET 
COUNT IN 
THOUSANDS 

1 M 

33 

5 


ss 1' 37" A 

Ih 18' 

2' 15" 

228 

36 M 

37 

5 


f 44" 

3h 39' 

16' 

218 

16 F 

112 

10 


f 24" 

Ih 32' 

4' 30" 

128 

7 M 

53 

20 

lh28' 

ss 1' 31" A 

Ih 31' 

7' 45" 

242 

45 F 

42 

200 

2h 56' 

ss 1'15" 

3h 41' 

>6 hours 

246 

57 F 


200 

4h 10' 

s 2' 05" j 
f 4' 15" i 

4h 21' 

>6 hours 

264 

46 F 

42 

200 

4h 23' 

ss 27' 14" I 

4h 54' 

>6 hours 

Lost 

12 F 

1 66 

i 

500 

3h 00' 

s 1'30" 
m 58' 28" 1 


j 

380 

17 F 

71 

500 

5h 40' 

5h 46' 

s 2' 02" 
f 60' 00" jl 

6h 48' 

>6 hours 

226 

26 F 

30 

500 

6h 53' 

s 2' 04" 
s 2' 12" 
m 1'26" 

7h 03' 

>6 hours 

198 

25 F 

, 48 

500 

71i 05' 

m 1'15" 
f 37" 

ra 1'05" 

7h 14' 

>6 hours 

182 

37 M 

45 

1 

1000 

4h 10' 

m 40" 

m 38" 

m 1' 01" 
f 1'21" 
f 1'23" 

4h 25' 

>6 hours 

190 

27 F 

j 

33 

1000 

4h 20' 

f 30" 

f 1'02" 
f 1'20" 
s 10' 26" I 

4h 44' 

>6 liours 

212 

28 M 

54 

1 

1000 

4h 34' 

m 57" 

f 59" 

m 60" 

4h 41' 

>6 hours 

186 

13 F 

66 

1000 

4li 55' 

m 1' 35" 
f 44" 

s 36' 15" I 



408 

IS F 

50 

1000 

7h 12' 

m 1' 11" 
m 33' 00" I 

Sh 00' 

>6 hours 

218 


= male, F = female; ss = very strong, s = strong, m = medium, f = feeble; I = in- 
termittent fluctuation in strength of flow; j = movement of tail; A = arterial flow. 


mice received 1000 units. After three and one-half hours to seven hours one of 
the animals had a bleeding time of 10 minutes, 26 seconds; four had bleeding 
times over 22 minutes, while only two mice had normal values. The prolonged 
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bleeding times occurred in two mice after the first prick wound, in the others it 
followed second, third and fourth prickings. It may be noted that in the two 
animals which received 1000 units, normal bleeding times occurred even after 
the fifth and seventh pricking. Coagulation time studies on 15 mice showed 
values longer than six hours while 2 mice had values of 1.9 and 2.6 hours. The 
platelet count ranged between 182,000 and 408,000 in 16 mice which had received 
more than 200 units of heparin. In doses of 200 to 1000 units of CLT-110, 
heparin produced a prolongation of coagulation time in all of the mice and in- 
creased the bleeding time in 9 out of 19 mice. 

Pathological studies of this group of 28 mice revealed hematomas in 12 of the 
animals. The blood of three of these hematomas was in a fluid state which 
coagulated a few minutes after being placed in test tubes. The hematomas 
varied in size from 0.5 by 1 cm. to 1 by 4 cm. Gross inspection of the animals 
showed the mice had pale ears, feet and tails. Prior to necropsy the animals 
which had hemorrhages were cold, inactive and the fur was roughened. In- 
spection of the brain, heart, lungs and the abdominal \dscera showed these to be 
extremely pale. The heart was usuallj’- contracting; fluid removed from the 
heart was not as deeplj'' colored as the blood from the hearts of noi’mal mice. 

Following repeated injections of three preparations of heparin. Six hours after 
the fifth and eleventh injections, the bleeding time was normal in all of the 
nineteen mice. Eight out of nine mice which received 10 to 200 units CLT-100 
and four out of six mice which received from 50 to 250 units HLR developed 
hematomas. None of the four animals which were injected with 1.1 to 2.2 mgm. 
HWD exhibited any bleeding tendencies. 

Discussion. The tendency to bleed was manifest bj’’ hemorrhages and 
hematoma formation at the site of injection, or continued bleeding from the prick 
wound following a normal bleeding time when the mouse disturbed the clot while 
cleaning its tail. Animals which received 1000 units of heparin (CLT-110) 
show^ed prolonged bleeding times in five out of seven mice. The long bleeding 
time, in many instances, w'as demonstrated only after repeated prick wounds in 
the same area of the tail vein. On the other hand, some mice which received 
200 to 1000 units of heparin did not exliibit any prolongation of bleeding time 
even if stabbed five or more times. These findings are especiall}’- significant 
because nomial mice never show'ed any undue prolongation of the bleeding time 
after repeated prickings. These observations support the possibiUty that a 
mechanism exists in the skin or tissue fluid wLich inhibits long bleeding and 
which is apparently .exhausted either by repeated prickings or the infliction of a 
large w^ound in excessivelj’" heparinized mice. The organ from wLich the 
hemorrhage occurs may pla}’ a role, since Tocantins (8) has suggested that the 
hemostatic power of the skin differs from that of other organs. 

The view' generalty accepted today is that no correlation exists between the " 
coagulation time and the bleeding time. The fact is apparent that in hemo- 
philia, not only the coagulation of blood, but also the ability to stop the flow' of ‘ 
blood from a wound is disturbed. In this respect we believe heparinized mice 
are similar to hemophiliacs, since both show' a prolonged coagulation time and 
a bleeding tendencj'. 



554 


ALFRED L. COPLEY AND JOSEPH J. LALICH 


Since heparinized mice exlribit similarities in their pathological anatomy and 
clinical behavior to hemophihacs, table 4 has been constructed to compare the 
essential features of blood in the two conditions. The coagulation time and 
bleeding time have been discussed already. Eiythrocjde, leucocjde and platelet 
counts are essentially normal (9, 10, 11). The influence of heparin on pro- 
thrombin and calcium has not been investigated in vivo; in studies in vitro, 
however, heparin was found to have no effect on calcium (11) or prothrombin 

TABLE 4 


Essential features of blood in hemophilia and in heparinized animals 


CHARACTERISTICS 

, HEMOPHILIA 

HEPARI^^ZED ANIMALS 

Coagulation time 

Increased 

Increased 

Bleeding time 

Normal or prolonged (20) 

Normal (2, *) or prolonged 
(*) 

Normal (9, 10, *), decreased 
or increased (10, *) 

Platelet count 

Normal or increased (20) 

Erythrocj'te count 

Leucocj'te count: 

Normal (20) 

Normal (9, 11**) 

Total 

Normal or slightly de- 

Normal (9, 11**) or de- 


creased (20) 

creased (11**) 

Differential 

Normal (20) 

Normal (11**) 

Prothrombin 

Normal (13) 

Normal (12***) 

Calcium 

Normal (13, 20) 

Normal (11**) 

Fibrinogen 

Normal (13, 20) 

Normal ? 

Sjmeresis (retractility of clot) . 

Present (15, 20); irregular 

Present (16); irregular sur- 

Thixotropy (reclotting phe- 

surface (16) 

face (16) 

nomenon) 

Present (15, 17) 

Present (17) 

Resistance of platelets 

Increased (15) 

1 

Thromboplastin (thrombo- 



kinase) 

Decreased (14) ; normal 
(13) 


Antithrombin 

Normal (13, 15); increased 



(23) 


Heparin 

Normal (21); increased (24) 


Coagulation factor 

Unidentified factor in skin or 

Decreased (22) 


tissue fluid 


Normal or decreased (*) 


* Data given in this paper. 

** Blood heparinized in vitro. 

*** Plasma heparinized in vitro. 


(12). We did not find ant^ reference on the fibrinogen content following heparin- 
ization in -vivo or in vitro. Prothrombin (13) and fibrinogen (13, 14), however, 
were found to be normal in hemophilia. Syncresis (clot retraction), which was 
observed by Alinot and Lee (15) in hemophilic blood, is present in the blood of 
heparinized animals. The retracted clot in heparinized and hemophilic blood 
is irregular and can be distinguished from a clot of normal blood which exhibits 
smooth borders (16). The reclotting phenomenon (thixotropjO ) fii’st described 
by Minot and Lee (15) in hemophilia, is also present in heparinized Ijlood (17). 
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Greater stability of platelets of hemophilic plasma was observed by Minot and 
Lee (15). "Wliether this phenomenon exists in blood of heparinized animals has 
not been established. 

Table 4 suggests that other factors remain to be discussed regarding their 
possible role in hemophilia. It is knovm that heparin and thromboplastin are 
antagonistic (18). If it is true that heparin is also neutralized by thrombo- 
plastin in vivo, it maj’' be possible that the prolongation of bleeding time in 
heparinized mice is due to this reaction. Heparin injected subcutaneously 
neutralized a factor whose function is to stop bleeding from a wound. This 
neutralization is dependent on the amount of heparin injected into the animal and 
the quantity of the unidentified factor present in the animal, since some mice 
require greater amounts of heparin than others. 

We believe that neither the absolute amount of anti-coagulant substance 
(heparin, antithrombin) or coagulant substance (thromboplastin, coagulation 
globulin) studied alone suflices to comprehend the pathogenesis of the coagula- 
tion disturbance in hemophilia. We propose that normally the coagulative 
properties of blood are kept in equilibrium bj'^ the production of coagulative and 
anti-coagulant substances in the organism, and that their release into the circula- 
tion is regulated bj’’ an unknown mechanism. This mechanism is greatlj’- 
disturbed in hemophilia. It can be postulated that whatever the factor may be 
which is deficient or lacking in hemophilic blood, it seems to be present in greater 
quantities in the skin, or tissue fluid. In this connection it has been observed 
that during or following protracted hemorrhages the coagulation time of hemo- 
philic blood or plasma was observed to be normal (19, 20). 

The phenomena of prolonged coagulation time coexisting with a normal bleed- 
ing time in the presence of a bleeding tendency in heparinized mice, their clinical 
behavior, and the observation of the presence of an unidentified factor in the 
skin Avhich is exhausted in some of the animals may be considered similar to 
hemophilia. We, therefore, believe that we have succeeded in the experimental 
production of a hemophilia-like condition in mice. 

SUMMARY 

1. The method of Doettl and Ripke to determine bleeding time in mice was 
found reliable. 

2. Three hundred and ten venous bleeding time determinations in 118 normal 
mice ranging between 15.4 to 220 seconds had an average bleeding time of 54 
seconds. Unlike Doettl and Ripke, values agreeing mthin ±30 seconds on 
consecutive days were found to be normal. The observation that variations in 
temperature influence the bleeding time was verified. 

3. The effect of four preparations of heparin was studied on the bleeding time. 
Heparin (Connaught Laboratories, 110 units per milhgram) in large doses (1000 
units per 20 grams weight, injected subcutaneously) had no toxic effect. 

4. There is a definite relationship between the units of heparin injected and 
the prolongation of clotting time. Such a relation to bleeding time does not 
exist in smaller doses (5 to 100 units per 20 grains’ weight), whereas in excessive' 
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doses (200 to 1000 units per 20 grams weight), and then only in some instances, 
was there an increase of both the bleeding time and coagulation time. 

5. Repeated prickings in some excessively heparinized mice produced a pro- 
longed bleeding time after one or several normal values. This never occurred 
in normal mice. 

6. It is believed that an imidentified factor exists in the skin (or tissue fluid) 
which may be exhausted by the injection of heparin, resulting in a prolongation 
of the bleeding time. 

7. A correlation between the bleeding time and coagulation time was found 
in heparinized mice. It is believed that these mice are similar to hemophiliacs 
because both show a prolonged coagulation time and a bleeding tendency. 

8. Essential similarities of the blood, pathological anatomy and clinical 
behavior of hemophiliacs and heparinized animals are discussed. 

9. An equilibrium between coagulant and anti-coagulant substances is 
beheved to be present in normal circulating blood. This is greatlj’’ disturbed 
in hemophilia, resulting in a relative increase of anti-coagulant substance(s) in 
hemophilic blood. 

We wish to thank Dr. A. F. Charles of the Connaught Laboratories, University 
of Toronto, for his preparation of hepaiin (100 units per milligram), and the 
pharmaceutical houses, Hoffmann-LaRoche, Nutley, New Jersey, and Hynson, 
Westcott and Dunning, Baltimore, for their preparations of hepaiin. 
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Many warm blooded animals can dive for 10 minutes or more, and in all those 
which have been examined the heart slows during a dive. Even non-diving 
mammals, like man, may show during diving a pronounced bradycardia, which 
appears to be a common and perhaps universal circulatory change during sub- 
mersion (Irving, Scholander and Grinnell, 1941a). The brad 5 mardia of the div- 
ing seal is the most pronounced yet observed, for the heart beating normally at 
more than 100 per minute may slow immediately after submersion to a frequency 
of about 10, which is maintained during 15 or 20 minutes of diving (Scholander, 
1940). 

With such a bradycardia it may be wondered what is the state of the circulation 
and particularly the blood pressure. The alertness of the diving seal gives no 
evidence of inadequacy of the cerebral circulation such as would promptly appear 
if the heart of a non-diver were slowed to 10 per cent of its usual frequency. 
During the bradycardia of the diving muskrat it has been stated that the blood 
pressure may remain high (Koppanyi and Dooley, 1929). In spontaneous 
pauses of breathing of anesthetized seals the heart maj' slow below half the 
normal frequency, but the arterial blood pressure does not diminish (Irving, 
Solandt, Solandt and Fisher, 1935). 

We have observed the arterial blood pressure and various aspects of the circu- 
lation during the bradycardia of diving in common harbor seals, Phoca vituUna. 
The animals were jmung seals which were examined dm’ing the summers of 1940 
and 1941. One group of seals weighed between 20 and 25 kgm. in 1940, and 
another group weighed around 35 kgm. when examined in 1941, but their be- 
havior during diving was similar. 

Methods. 'The seal was fixed by means of padded iron bows to a board with 
the head and hind flippers slightlj’' elevated. , This board was then suspended 
horizontal!}'- in a bathtub so that the bod}' was submerged but the hind flippers 
and the nostrils were just above water. When properly secured in this fashion, 
which is described and illustrated by Scholander (1940), the seal would remain 
quietly for many horns and would even go to sleep. In order to carry on an ex- 
perimental dive, the head end of the board was tipped below the water surface. 
In this fashion an experimental dive could be accomplished by a small change of 
the axis of the animal. 
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For recording the heart frequency an electrical heart coimter devised by S. W. 
Grinnell (Grinnell, Irving and Scholander, 1941) was used. By means of suit- 
able amplification this instrument applied directl}' the electrical changes from the 
heart beat to operate a pen against the tension of a rather stiff spring. The 
records gave reliable counts of the heart beats, which could be clearly distin- 
guished except during ^dolent muscular activity. Since the record was written 
directlj"- on paper, continuous records were often made and obseiwed during many 
hours of experimentation. The electrodes were short steel needles insulated with 
fine sUk and lacquer except for about a centimeter at the point. These electrodes 
were inserted into the blubber on either side and just behind the front flippers. 
The electrodes served likewise as leads to the electrocardiograph with which 
records were taken at critical points in the experiments and in some cases during 
long periods of experimental dives. 

For obser\»^ing the arterial blood pressure a section of the femoral artery mid- 
way along the short femur of the seal was dissected and cannulated. Arterial 
pressure records were also observed in a small artery about 1 mm. in bore 
situated between the toes of the hind flipper. For a control as to the practical 
zero level of blood pressure in the hind flipper, a small vein was likevdse can- 
nulated. This vein was subjected to the same small disturbance of level as were 
the arteries at the time of the experimental dives. It showed in practice that 
the changes in hydrostatic pressure during experimental dhdng were not sig- 
nificant. 

The cannulae were cormected by means of strong-walled rubber tubing to a 
Har\’’ard membrane manometer which recorded through a lever upon smoked 
paper. Its inertia proved to be too large to follow the rapid changes in pressure 
at sj’^stole. During the prolonged interval, often lasting 10 seconds or more, be- 
tween heart beats during diving the record showed the pressure changes in a 
reliable maimer. For such slow changes the movement of the mercury manom- 
eter was likewise reliable and it was used for part of the recording in order to 
give direct records of the absolute level of pressure. The movements of the 
merciuy manometer were recorded upon the moving paper by manual operation 
of the recording pen to follow the position of the mercuiy meniscus. The man- 
ual recording was as rapid as the movements of the mercurj’- were significant and 
was not disturbed during the extreme changes in blood pressure which occurred 
in some of the experiments. 

Cardiac action during diving. The heart action of the seals Cystophora and 
Halichoerus has been described with electrocardiographic records bj'- Scholander 
(1940). Portions of a record are shown in figure 1, indicating the frequency of 
the heart beats of a Phoca as registered vdth Grinnell’s electrical heart counter. 
The record shows the frequencies of the seal’s heart before and at the start of a 
15-minute dive, in three short periods during the dive, at the time of emergence 
and after the dive. These records are cut from a continuous record covering 
the whole period of the dive and recoverj’-. The duration of the inten'al between 
the second and third beats in the longer dive, amoimting to 18 seconds, is about 
as long as anj- which has been recorded, but the record is tj-pical of the operation 
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of the heart of a seal which is accustomed to experimental dives. In the lower 
part of figure 1 is shown the complete record of the frequency'' of the heart during 
a short dive lasting 33 seconds and indicating the promptness of the development 
and release of the bradycardia. 

In figure 2 are shown electrocardiograms of a seal’s heart at the start of a dive, 
at inteiwals during the dive and during emergence and recovery. This particular 
seal was observed during one of the first experimental dives and the initial re- 
tardation of the heart was not as great as is usual after the seal is accustomed to 
the experimental procedure. In other respects the record of the heart is typical 
of many which have been observed. The interval between P and Q waves was 
usually prolonged from about 0.12 before the dive to 0.16 second in the later part 
of the dive. The condition of the Q, R, S waves was not appreciably altered. 
The T wave seemed to be gradually delayed during the dive until it followed R 
by about 0.2 second as compared with between 0.12 and 0.16 before the dive. 



I 15 RECOVERY 


DIVE' RECOVERV ’ 

B \ ' — i i i 

I I I ,i j ) I — I >1 t-i -i I i-j - t - t-i - t- t-i I -I * I- 1 4 I j I I 4 < I I t i-i * )■ ) M )■ I I ) I > >■ i - i I 

L„S ECO N D S’ ■ ■ ■ - 


Fig. 1. Frequency of the seal’s heart during dives, as recorded with the heart frequency 
counter. Second marks on bottom line fit both dives; signal refers only to the short dive. 
A. Sections from a 15-minute dive with numbers designating minutes after start. Marks 
at 15 recovery” result from struggling, not from heart beats. B. A 33-second dive. 


This delay is somewhat obscured by the gradual change in form of the T wave 
which became conspicuous in the fourth minute of the dive and which produced 
an accentuation of the upward stroke of the T record. The change in the T wave 
persisted for some time during recovery. These changes in the electrocardio- 
gram signify some alteration of the timing of events in the heartbeat, but the 3 ’- 
indicate that the duration of the sj^stolic beat as shown by the electrocardiogram 
IS not essential^ altered during the bradj'^cardia of diving. The observations of 
Scholander (1940) upon the seals Halichoerus and Cystophora are thus shown to 
be applicable to Phoca. 

Pressure in the femoral artery. The record of pressure in the femoral arteiy 
taken with a Harvard rubber membrane manometer is indicated in figure 3, 
which reproduces sections of a record taken during an 8-minute dive. During 
the period before the dive only the signal of the beat is significant on account of 
the slow period of the recording system. Occasional spontaneous arrests in the 
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heart action of the seal at rest permitted the recorder to follow the arterial pres- 
sure changes in diastole. During some of these pauses before the dive the de- 
cline of pressure in a diastolic interval lasting 2 or 3 seconds was of the order of 
30 mm. The pressure at the moment of diving was affected b}" mechanical 
disturbances extraneous to the circulation. During the period of the dive the 
usual bradycardia is shown and the mean level of blood pressure was practical!}^ 
unaltered from the level before and after the dive. During the long diastolic 
interval the pressure steadily declined, but the change of pressure was onlj"- of the 



Fig. 2. Electrocardiogmms of seal’s heart at the start of a dive (1), at the beginning of 
the second minute (2), of the third (3), of the fourth (4), of the seventh (5), of the eighth 
(6), at the end of the ninth and the beginning of recovery after emergence (7). Hcavj' 
vertical lines mark fifth seconds. 

order of 40 mm. and the lowest pressure observed at the end of a long diastolic 
pause was still about 100 mm. The slojie of the diastolic pressure record was less 
steep during the long intervals than during the shorter intervals nearer the end of 
the dive although the difference in pressure was about the same. It appears that 
the rate of emptying of the large arteries during the prolonged diastole of diving 
is considerably retarded compared vuth the normal rate of emptying. In fact, 
the rate of emptying of the arteries appeared to diminish about in proportion as 
the frequency of the heart decreased, with the result that the mean pressure re- 
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mainecl normal even during the long diastolic pauses. Records of this sort were 
secured in a number of observations of the pressure in the femoral artery of two 
seals weighing about 35 kgm. each. 

In order to secure a direct measurement of the arterial pressure during a dive, 
the record shown in figure 4 was made with the mercury manometer. It is to 
be seen that at the moment when the dive began, the mean pressure in the fem- 
oral artery did not change appreciably and that this same mean leiTl of pressure. 
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Fig. 3. Sections from continuous blood pressure record in the femoral artery during 
an 8-mimite dive, recorded with Harvard rubber membrane manometer at the start of a 
dive (1), at the beginning of the seeond minute (2), of the fourth minute (3), of the sixth 
minute (4), at the end of the dive and in recovery (5). 

around 130 mm., was maintained during a dive lasting for nearly 8 minutes. Fol- 
lowing the dive a transient increase of pressure sometimes appeared but this in- 
crease was influenced by struggling and disturbance of the seal during emergence. 
The rapid systolic change is much distorted by the slow period of the recording 
system but the slow diastolic change during the dive reached the true diastolic 
level. The record thus confirms the indications of the membrane manometer 
and shows that arterial pressure remains around 110 mm. at the end of diastole 
during diving. 
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During the period of a dive Avhen the heart is sloAved to about 10 per cent of its 
normal frequencj'', the mean arterial blood pressure is, neA'^ertheless, maintained 
at a relath'^el}’’ high leAml and near its normal value. It is unlike^'^ that the 
amount of blood ejected by each stroke of the heart could increase ten-fold in 
order to maintain a stead}'- output during the bradycardia and the record of the 
membrane manometer implies that the rate of empt5’-ing the large arteries sloAA'ed 
as the frequency of the heart diminished. It is natural to suggest that the slow 
frequency of the heart during diA'ing finds compensation in a much constricted 
peripheral circulation. By the increased peripheral resistance emptying of the 
large arteries AA'ould be delaj'ed during the long diastolic periods and normal 
pressure Avould be maintained in the main arteries. 

Pressure in a peripheral vein. The pressure in a A'ein of the toe in the hind 
flipper of the seal Avas examined AA’hile practical!}' at the same leA'el as the femoral 
artery, but on the other side of the animal. A record of the pressure in a A'ein 
along one toe is giA'en in figure 4. The level of A'enous pressure is the base line 



Fig. 4. Records of blood pressure with mercury manometer of a seal during dives taken 
from the femoral artery, a toe artery in the hind flipper about 1 mm. in bore and an adjacent 
small vein. The end of the dive in each pressure record is marked by a short vertical line. 


aboA'e which the arterial pressure provides a force effective for the flow of blood 
through the tissues, and it may be seen that this A'enous base line remained at 
about the usual leA'el during diving. 

Pressure in a small artery. The pressure in an artery in the toe haA'ing a bore 
of about 1 mm. dropped immediately at the start of the diA'e to about the leA'el of 
the A'enous pressure (fig. 4), and the pulse completely disappeared. Subse- 
quently the pressure rose slightly but remained low for the remainder of the diA'e. 
Occasionally the slow pulse could be obser\'ed during the latter part of the dive, 
but it was usually obscured by other moA'ements. After the dive the pressure 
remained low during the first part of recoA'ery and did not begin to mount for 
one and a half minutes, and then only gradually approached the leA'el of pressure 
in the femoral arteiy. The pressure in the toe arter}' during the db'e Avas about 
at the leA’el of A'enous pressure and practically abolished the arterio-A’enous pres- 
sure difference Avhich could serve to maintain circulation in the flipper. It has 
been obserA’ed that arteries in the flipper often do not bleed Avhen cut during 
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diving (Scliolander, 1940), and it is likely that the constriction recorded in this 
arteiy would practically check all flow through its peripheral channels. 

Diu’ing recovery the pressure in the toe artery remained low for some minutes 
although the heart was beating rapidly. Inasmuch as the pressure in the femoral 
artery was at the usual level during recoverj’-, the peripheral circulation was in 
general open, but the fflpper continued to be closed off by the local arterial con- 
striction. This is an example of a local delay in the opening of the circulation. 
It has been observed that the reoxj’^genation of muscles after a dive maj’- be lo- 
callj’- delayed (Scholander, Irving and Grinnell, 1941), and this delay would favor 
recoveiy in the tissues which are circulated and perhaps prevent the brain from 
iujiurj'’ by the sudden release into the circulation of a flood of lactic acid accumu- 
lating in the muscles during the dive (Scholander, 1940; Irving, Scholander and 
Grinnell, 1941b). This delay of local recovery might also be useful in deferring 
local recovery during the repeated short dives separated b}’^ a few breaths which 
seals often make (Scholander, 1940) . 

In another seal the pressure in a small artery of the hind flipper did not change 
appreciably during the dive but remained about at the normal level. We have 
observed visually, however, that constriction of the arterial circulation of the toe 
is of common occurrence during di\'ing. Scholander (1940) has remarked upon 
the visible constriction of the small arteries during diving and upon the near 
cessation of blood flow through cannulae which were placed in those arteries. 
The same condition has been observed many times with Plioca, making it very 
diflScult to draw blood from the small arteries during a dive whereas before and 
after the dive the flow through them was abundant. For these reasons we be- 
lieve that the constriction of arteries in the toe to the point of complete closure is 
frequent and that it is perhaps typical of many small superficial arteries during 
diving. 

Circulation in the mesenterial vessels. The mesenterial circulation was ex- 
tensively observed in four animals and incidentally in several others. In a loop 
of exposed gut, it was seen that the size of the small arteries and veins gradually 
diminished during a dive until after 2 or 3 minutes the vessels were nearly blood- 
less in appearance. The infrequent pulse could be observed to move the larger 
vessels (normal diameter, 2 or 3 mm.) but not the smaller ones. The gut itself 
rapidly tmaied cyanotic in color during diving, and the reduction of vessel size 
evidently signified a great reduction or possibly even the arrest of blood flow 
through the mesenteries. 

Quick constriction of arteries elicited by sensory stimulation. Almost anj^ start- 
ling stimulus may reduce the blood pressure in the small arteiy in the toe of the 
seal. Examples are shown in figure 5 in which pinching, a sudden sound, or a 
visual stimulus quickly depressed the blood pressure, which then remained low for 
a considerable time after the brief stimulus. The result of stimulation by light 
IS interesting because turning off the general illumination of the room caused a 
fall in blood pressure from which recovery occurred in about two minutes and 
while the light was still off. Turning on the light again produced the same fall 
in pressure. None of these stimuli bore any relation to respiration and the effects 
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appeared witli the characteristics of reflex action. The reaction was quick and it 
was apparent within a few seconds of the time of the stimulus. The pressure fell 
practically to the venous level, as it did during diving, and it must likewise have 
resulted in the practical suppression of flow. The effect of the brief stimulus 
often persisted for several minutes, and repeated application of the same stimulus 
usuall}’’ led to a diminished response. The quickness vith which modifications of 
the constriction appeared shows that the control is not the automatic tj’’pe of 
spinal reflex. 

Sudden startling stimuli of the same sort may cause transitor3’- retardation of 
the heart (Scholander, 1940 ), but the duration of reflex bradycardia of this sort 
is usuallj’’ brief. It was occasionallj'^ observed, as, for example, during the pro- 
longed depression caused bj^ shouting, that the heart was beating rapidlj’’ while 
the peripheral blood pressure remained low. Evidently the constriction of the 
arteries which causes the drop in pressure is not alwaj’-s correlated vdth bradj’’- 
cardia. In other animals than seals, a sudden alarm ma3’' momentarily arrest 


Pinch Pinch Shout Shout Pinch Nose Hand Clap Light Off Light On 



Fig. 5. Records of changes of pressure in the same toe arterj' as used for figure 4, in re- 
sponse to various stimuli of non-respiratorj^ tj'pe. Each stimulus was momentarj' and 
applied at the time marked bj' arrow, except the light stimulus which was turned off and 
remained off steadilj’’ until turned on at the next arrow. Note that the other flipper was 
pinched to produce the first two recorded effects. 

breathing and retard the heart action. These particular stimuli have no relation 
to respiratoiy conditions, but their action shows fine sensitivit3" of the vascular 
control. 

The area supplied b3^ arteries running to the flipper ma3'' well be among the 
most sensitive vascular regions, and the pronoimced arterial constriction caused 
b3’ alarm ma3" not occur in all of the vessels of the seal. The hmd flippers are 
practical^' non-muscular, and not covered vdth blubber, and their surface ex- 
posure and fimction so affect the conditions for heat loss that the3" ma3' well re- 
quire a specialized vascular control in the intei'ests of temperature regulation. 

The vasoconstriction of alarm which appears in the paling of the human face is 
also often limited in extent. That the vascular constriction of the seal caused b3' 
alarm is not widespread is indicated b3' the fact that the pressure in the femoral 
arter3' was not influenced bx' the stimuli xx'hich loxvered pressure in the toe arteiy, 
as well as ly the observation that the effect upon cardiac frequencx^ is much more 
transient than is the reduction of pressure in the toe artciy. 
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Discussion and conclusions. Although at the start of dhdng the heart 
slowed 80 or 90 per cent, the pressure in the large arteries of the seal remained 
practically unchanged. At the time of emergence and when the heart ac- 
celerated and extensive alteration in the distribution of peripheral blood flow 
again occurred, the change in pressure was only small and transitory. It is evi- 
dent that the control of the peripheral circulation of the seal must be verj’- nicely 
coordinated in extent and time wdth the action of the heart in order to maintain 
an even level of arterial pressure. 

With the demonstrated existence of nonnal arterial blood pressure durmg a 
dive, the circulation through a few tissues like the brain could be adequately 
maintained. Vascular changes of this natme have been shoum before, for a re- 
duction of circulation through the muscles and a sustained flow* through the 
brain has been shown to occur when breathing is arrested in beaver and muskrats 
(Irving, 1937) , cats, dogs and rabbits (Irving, 1938) . It was then proposed that 
the control of the circulation would act during diving to conserve the oxygen 
supply for the use of such tissues as the brain (Irving, 1939). The observed 
situation in the diving seal shows that there is an extensive restriction of periph- 
eral blood flow, and that in spite of the bradycardia the blood pressure is main- 
tained at a normal level which could support a good cerebral circulation. 

The practically complete suppression of the pressure difference between artery 
and vein in the flipper indicates that a large part of the restriction of blood flow 
through the fljippers during diving often depends upon constriction of the arteries 
between the femoral artery and the arterj’’ in the toe. Very little further regula- 
tion of flow could be accomplished by constriction of the arterioles. 

During recovery from the dive the pressure in the toe artery often remained 
low for several minutes although the heart w^as beating rapidly. It appears that 
the arterial constriction may occur independent of the change in frequency of the 
heart. The persistent arterial constriction during recovery was also local, be- 
cause the pressure in the large arteries remained constant. In the usual reaction 
to diving, a large part of the peripheral circulation is probably constricted as a 
unit when the heart slows. The combined control of the heart and peripheral 
circulation can, as is shown in these experiments, be dissociated, and the arterial 
constriction in the flipper shows the independent operation of local vascular units, 
w'hich in the massive reaction for diving are all controlled together. 

Pinching, sound or light stimuli brought about a drop in pressure in the toe 
artery by arterial constriction. These reactions are not dependent upon the 
heart rate. They are subject to variation in time and in extent, in these respects 
resembling the reflexes which are controlled above the spinal level. The opera- 
tion of arterial constriction shows a type of vascular control which can effect an 
elective distribution of the blood during diving. The arterial constriction was 
coordinated with the bradycardia so as to help maintain a steady pressure in the 
large arteries. Vfliat proportion of the elective restriction of blood flow^ is ac- 
complished hy arterial constriction is uncertain, but a function in the regulation 
of peripheral blood flow'^ can be ascribed to the constriction of arteries. Con- 
striction of the arteries wuuld suitably regulate flow* in large areas, but would not, 
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of course, permit the fine local differentiation of flow made possible by control 
of the arterioles. 

SUMMARY 

Although the heart of the seal slows during diving below 10 per cent of the 
resting frequency, electrocardiograms showed little change in individual heart 
beats. The pressure in the femoral artery remained at the normal level in spite 
of the brad 3 ’^cardia. An example of peripheral vasoconstriction is shovm in the 
closure of an arteiy of the toe during the dive. This arterial constriction is ap- 
parently under reflex control and maj’^ be set in operation bj’- many stimuli bear- 
ing no relation to respiration. Observed contraction of mesenterial vessels 
showed that there is a considerable reduction of their circulation during dmng. 
These examples of peripheral vasoconstriction during diving along with others 
that are knovm indicate vascular adjustments which serve to maintain a normal 
arterial pressure which could maintain the circulation of a few tissues like the 
brain in spite of the extreme bradj’^cardia. 

Acknowledgment. Mr. Thomas H. Dorr of the United States Fish and Wild- 
life Sendee at Boothbaj’’ Harbor captured the seals and gave much assistance and 
excellent working facilities. Part of the expenses was provided b}’’ a grant from 
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Selye (1) has reported that progesterone injections cause an involution of the 
corpora lutea and marked ovarian atrophy in normal adult mice. Selye and 
Friedman (5) have shown that this hormone does not influence the seminiferous 
tubules in adult male mice and rats but does cause Leydig cell atrophJ^ Small 
doses do not affect the testes or accessory sexual organs of immature rats (7). 

In the mature rat Selye, Browne and Collip (2) found that neither corpora 
lutea nor mature follicles were present but McKeown and Zuckerman (3) 
reported corpus luteum formation folloudng progesterone treatment. Recentlj^ 
it has been sho^vn that large doses of this material cause a marked follicular 
atresia but that ovulation and the formation of large corpora lutea with an 
increase in ovarian weight also occur (4). Robson (7) .found that progesterone 
did not inhibit the ovarian response to human chorionic gonadotropin, but 
Astwood and Fevold (8) reported a decreased ovarian Aveight response to follicle 
stimulating hormone when the animals were pretreated with progesterone. 

The experiments reported in this paper extend the observations on the effects 
of progesterone to include immature male and female mice. The effect of 
identical dosages on the mature and immature animals of both sexes was studied. 
The response of immature female mice to pregnant mare serum after treatment 
with progesterone Avas also investigated. 

Materials and methods. TAim strains of mice, the Hygenic and the SAAiss 
strains Avere used. Each treated animal received 0.25 mgm. of progesterone- 
in 0.05 cc. of oil per subcutaneous injection for either a 10 or a 20 daj’’ period. 
If the injection period Avas of 10 days’ duration, the hormone was administered 
every day, AA'hereas in the 20 day periods of treatment, injections w'ere made 
every other day. Thus, the total amount of hormone used Avas 2.5 mgm. in all 
experiments. All mice Avere sacrificed the day following cessation of treatment. 
Weights of gonads and accessoiy reproductive organs (intra-uterine fluid being 

^ The part of this investigation studied by one of us (JHL) was aided by a grant from the 
Rockefeller Foundation and administered by Dr. P. E. Smith. 

■ Crystalline progesterone “Proluton” and pregnant mare serum “Anteron” were sup- 
plied through the courtesy of Drs. E. Henderson and E. Schwenk of the Schering Corpora- 
tion, to whom the writers are greatly indebted. 
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expressed) were taken. Histological sections of the tissues were prepared, the 
ovaries being sectioned serially. 

Results. Immature female mice. Mice 17 to 20 days of age were injected 
every other day with 0.25 mgm. of progesterone during a 20 daj'- period. In- 
crease in weight of the ovaries was suppressed by this treatment, although the 
difference in ovarian weight between the treated and control mice of the Swiss 
strain was not significant (table 1). Noraial vesicular folhcles of good size were 
observed in all the ovaries of injected mice but lutein tissue was absent. On the 


TABLE 1 

Effect of progesterone on female mice 


NO. OF 
LHCE 

AGE AT 


BODY 

ORGAN TVEIGHTS 

START 

(days) 

TREATMENT 

AUTOPSY 

(grams) 

Ovaries 
(mgm. ± Eu) 

Uterus 
(mgm. ±Em) 

Immature female mice 

IIS* 


10 inj. of 0.25 mgm. in 20 days 

21.2 

4.0 ±0.3 

28.7 ± 3.1 

17S 

20 

None 

20.3 

4.7 ± 0.2 

45.0 ± 6.6 

8H 

17-19 

10 inj. of 0.25 mgm. in 20 days 

21.5 

4.4±0.6 

46.9 ± 4.1 

6H 

17-19 

None 

20.7 

7.1 ±0.2 

89.1 ± 12.3 

3H 

17-19 

10 inj. of 0.25 mgm. in 10 days 

12.6 

3.1 ± 0.4 

20.3 ± 1.2 

3H 

17-19 

None 

13.0 

2.8 ± 0.5 

11.0 ± 3.0 

Mature female mice 

4S 

127 

10 inj. of 0.25 mgm. in 20 days 

27.4 

i 7.4 ±0.3 

112.3 ± 4.9 

4S ' 

127 

None 

28.1 

13.1 ±0.7 

96.2 ± 4.6 

lOS 

150-210 

10 inj . of 0.25 mgm. in 10 days 

28.9 

11.3 ± 1.2 

99.2 ± 9.6 

12S 

150-210 

None 

28.2 

15.5 ± 1.1 

72.7 ± 6.2 

8H 

30-37 

10 inj. of 0.25 mgm. in 20 days 

22.4 . 

6.4 ± 0.5 

43.1 ± 6.1 

6H 

30-37 

None 

23.7 

8.2 ± 1.2 

92.0 ± 22.0 

IIH 

32-45 

10 inj. of 0.25 mgm. in 10 days 

19.6 

4.5 ±0.7 

54.0 ± 9.2 

8H 

32-45 

None 

20.9 

5.4 ±0.9 

39.5 ±12.0 


* Swiss mice = S; Hygenic mice = H. 
Em = mean deviation of the mean. 


other hand, 50 per cent of the ovaries from untreated mice contained corpora 
lutea. 

If the 2.5 mgm. total dose of progesterone was administered in a 10 daj'- period, 
no significant effect was observed. Ovarian weight and histologj’- were com- 
parable in treated and control mice. 

The trend of the uterine weights of those mice receiving proge.sterone in a 20 
day period was generally lower than that of the control mice. However, follow- 
ing the shorter injection period the treated mice had a greater uterine weight 
than the controls. 
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Three litters of 22-day-old female mice were used to determine whether 
progesterone would alter the degree of ovarian response to pregnant mare serum 
(PMS). Eight mice received 0.25 mgm. of progesterone daity for 6 days. In 
addition, a total of 10 I. XJ. of PMS was administered subcutaneously at a 
different site in 3 equal injections at daily intervals starting the day of the 4th 
progesterone injection. Eight control mice received only the PMS and the 
injections were started on the 25tli daj' of age. All mice were autopsied 24 
hours after the last injection. Progesterone did not alter the ovarian weight 
response, the mean being 7.5 db 0.6 mgm. in mice injected vdth progesterone 
and PMS as compared with 7.3 d= 0.1 mgm. following PMS treatment alone. 
The mean uterine weight was greater with added progesterone, being 53.6 ± 3.2 
mgm. as compared ivith 39.9 ± 2.8 mgm. in the group treated only with PMS. 

Mature female mice. Four of a single litter of 8 mature female mice were in- 
jected with 0.25 mgm. of hormone every other day for 20 days. Ovarian weight 
was significantly low'er in the injected group (table 1). Large normal corpora 

TABLE 2 


Effect of progesterone on immature male mice 


NO. OF 
MICE 

AGE AT 
START 

(days) 

TREATMENT 

BODY 

WEIGHT AT 
AUTOPSY 

(grams) 

1 

1 ORGAN 

WEIGHTS 

Testes 

(mgm. ± Eit) 

Seminal vesicle 
(mgm. ± EjP 

US 

20 

10 inj. of 0.25 mgm. in 20 days 

20.8 

144.6 =fc 8.9 

40.4 ± 7.3 

14S 

1 

20 

None 

1 

21.1 

156.2 ±3.2 

1 

70.0 ± 7.3 

7H 

20 

10 inj. of 0.25 mgm. in 20 days 

23.3 

130.1 ± 4.7 

62.2 ± 10.7* 

4H 

20 

None 

23.1 

139.9 ± 5.3 

88.8 ± 8.2* 

5H 

20 

10 inj. of 0.25 mgm. in 10 days 

13.7 

57.2 ± 3.2 

12.9 ± 1.1* 

2H 

20 

None 

13.7 1 

61.3 ± 6.l] 

8.1 ± 3.0* 


* Combined weights of the prostate and seminal vesicles. 
Eji = mean deviation of the mean. 


lutea and some follicles were present in the ovaries of the untreated mice. 
Isormal vesicular follicles were observed in the ovaries of the progesterone 
treated mice but the corpora lutea w'ere in varied states of involution. Very 
few large corpora were to be seen and, in general, they wmre reduced to approxi- 
matelj'- half normal size. Several corpora were markedly vacuolated. The 
ovaries of one mouse wmre virtuallj’- devoid of corpora lutea. 

Administration of the hormone in a 10 dai”- period also caused a regression in 
ovarian weight. How'^ever, the effect was less pronounced as compared with the 
20 day injection period although the same total dose wms administered. An 
apparent hastening of the involution of the corpora lutea had taken place in 
some cases, whereas other ovaries exliibited recent corpora lutea. 

Immature male mice. Injections were started in these mice at 20 days of age 
and the hormone wms administered in a manner identical to that used with the 
female. No significant influence of progesterone on testis wmght was ex- 
hibited by either strain of mice (table 2). Spermatozoa wmre present in the 
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testes of all mice, treated and controls, after a 20 day injection period and sperm 
heads were observed after the 10 day injection period. 

Seminal vesicle weights in control animals exceeded those of treated htter- 
mate animals (table 2) . A similar effect was obtained on the accessoiy sexual 
organs of the Hygenic mice in which the combined prostate and seminal vesicle 
weights were compared. The glandular epithelium was not stimulated in either 
the prostate or seminal vesicle. 

The injection of 2.5 mgm. of hormone in 10 da^’^s failed to prevent seminal 
vesicle weight decrease in castrate mature male mice. Injections were begun 
the daj’- of the operation. 

The weight of the adrenal and pituitaiy glands in male mice was not influenced 
by the progesterone injections. 

Discussion. Selye (1) noted involution of corpora lutea in mature mice 
treated with 1 mgm. of progesterone daily for 5 daj'^s. Daily administration of 
10 mgm. over a 20 day period has produced o\ailation and corpus luteum forma- 
tion in the mature rat (4) . In our experiments, definite involution of the corpora 
lutea and lowered ovarian weight was obtained in mature mice vith a 2.5 mgm. 
total dose of progesterone injected over 20 days. This total dose injected in 10 
days had less pronounced eft'ect and corpora lutea formed in some cases. 

Wlien treatment was begun before maturity and extended to the age when 
corpora lutea normally form, not one of the mice had corpora lutea in the ovaries 
but follicular growth was present. Thus, progesterone injections suppressed 
corpus luteum formation but not foUicuIar growth. 

Progesterone failed to effect spermatogenesis in the immature male mouse 
even though injections were started 10 days before the initial presence of sperm 
in the testes. However, seminal vesicle weight increases were retarded in our 
injected mice. Selye (9) obtained lowered seminal vesicle weights in mature 
rats following treatment vdth large doses of progesterone. 

Astwood and Fevold (8) concluded that progesterone suppressed the release 
of luteinizing hormone (LH) from the pituitarjL The possibihty that an in- 
fluence on the secretion of LH is involved in the restoration of normal cycles in 
persistent estinis rats by progesterone injections has been suggested by Everett 
(10) . The suppression of corpus luteum formation in immature female mice and 
the smaller seminal vesicle weights in immature male mice from the progesterone 
injections suggests that the treatment has diminished the secretion of luteinizing 
hormone. 

SUJIMARY 

Administration of progesterone in an identical manner to immature male mice 
caused a retardation in seminal vesicle weight gain without influence on sperma- 
togenesis. Similar treatment resulted in a suppression of corpus luteum forma- 
tion without impairment of ovarian follicular growth in immature female mice. 

In mature female mice subjected to the same treatment, ovarian atrophy and 
involution of the corpora lutea were obseiwed. 

Ovaiian response to pregnant mare serum was not influenced by simultaneous 
injections of progesterone. 
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It has been demonstrated by a number of workers (1, 3, 4, 5, 6, 7, 8)- that 
desiccated thyroid and anterior pituitary extract administration will intensify 
an already established experimental diabetes insipidus (d.i.) or unmask a latent 
d.i. In the main the available evidence indicates that this enhancement of the 
water exchange bj'- these substances is due directty to their energy metabolism 
stimulating action. 

The experiments reported here were undertaken 1, primarilj’- to determine the 
dailj’- correlation between the water exchange and the heat production both when 
metabolism is being stimulated by various substances particularlj’’ by thjToxine 
and during the decline following their administration, and 2, in an attempt to 
elucidate further the underlying mechanisms concerned in the augmentation of 
the fluid exchange in sensitive animals by certain metabolic stimulating sub- 
stances. 

Experimental procedures. The heat production was determined by the 
open circuit method essentiallj’- the same as that described by Bruhn and Bene- 
dict (2). Usuallj'- gas samples of 3 or 4 periods of 10 or 15 minutes’ duration 
devoid of activitj'- and preceded by at least 15 minutes of inactivity, were col- 
lected and analyzed. In case the results of the three or four periods did not 
agree by at least 5 per cent the average of the best agreeing was used as the 
day’s metabolism. 

The dogs rapidb’’ became adjusted to the conditions of the experiment and 
rarety did actmty complicate the collection of the gas samples. Food was with- 
held for at least 18 hours biit never more than 22 liours before the run. Water 
was given ad libitum, the amount consumed being measured daily just before 
the run at 9 a.m. The amount of water drunk in the 20 to 22 hours preceding 
the metabolism determination is compared with the heat production obtained 
at the end of this period. The animals were maintained on a constant weighed 
diet and were housed in metabolism cages in a constant temperature room at 
26°C. The rectal temperature of the animal was obtained just before the nm. 

^ Aided a grant from the University of Alabama Research Fund. A preliminary 
report of this work appeared in This Journal 126: P448, 1939. 

- Blotner and Cutler (J. A. M. 116: 2739, 1941) have recently reported on the treatment 
of diabetes insipidus in the human by total thyroidectomy. 
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The desiccated thyroid (Lilly XJ.S.P.) and the dinitrophenol (Eastman) were 
given orally, the thyroid once a day, the dinitrophenol three times a day. The 
th^Toxine (Roche Organon) was given intravenously, the anterior pituitary 
e.vtract (Parke, Davis, Cornish)® subcutaneously each once a day. Except in 
the case of the dinitrophenol the medication was given immediately after the 
metabolism run in the morning. 

All operative procedures were performed by Dr. Allen D. Keller and detailed 
protocols of some of the individual experiments will be presented by him in a 
communication concerning the elaborating focus of the antidiuretic principle. 
The animals were rendered sensitive or othemdse by hypophysectomy in various 
degrees of completeness as illustrated in table 1. 


TABLE 1 


DOG NO. 

LESION 

24 HOUR TTATEB 
EXCHANGE* 

1 

Ordinary hypophysectomy** 

50 

2 

Complete hypophysectomy plus deliberate encroach- 
ment on the hypothalamust 

350 

3 

Complete hypophysectomyt 

50 

4 

Ordinary hypophysectomy plus separation of stalk from 
hypothalamus 

250 

5 

Complete hypophysectomy except for small strand of 
tuberalis 

50 

6 

Complete hypophysectomy plus deliberate encroach- 
ment on hypothalamus 

200 


* Cubic centimeters of water per kilogram of operative weight. 

** In an ordinary hypophysectomy the hypophyseal stalk is cut across through its distal 
extent such that all of the pars anterior and posterior lobe are removed but the proximal 
portions of the tuberalis and infundibulum remain attached to the hypothalamus. 

t A very small remnant of tissue remained at base of pituitary fossa. 

t Slight encroachment on the hypothalamus. A small remnant of tissue at base of 
pituitary fossa. 

Experimental results. Anterior 'pituitary extract. The administration of 
anterior pituitary extract to dog 6 which previously had been given no medica- 
tion, resulted in an elevation of the metabolism from 350 to 450 total calories 
and a coincident rise in the water exchange (fig. 1, Ih). The rise in metabolism 
and water exchange was not as marked as that obtained when either thyroid 
(fig. 1, la) or thyroxine was administered to the same dog. The shapes of the 
two curves, however, are remarkably similar, daily variations in metabolism 
being accompanied by deflections in the water exchange in the same direction. 
Cessation of treatment w'as followed by a slow return to the premedication levels. 

Desiccated thyroid. Desiccated thyroid administered to dog 6 in a dosage of 
2 grams daily for 10 days resulted in a 50 per cent rise in the total calories and 
a well marked increase of the water exchange from 250 to 550 cc. per kilogram of 

’ The anterior pituitary extract was Idndly furnished by Dr. Oliver Kamm, Parke, 
Davis & Co., and was from the same lot as that used by Keller (6). 
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body weight per daj^ (fig. 1, la). Upon cessation of treatment both heat 
production and water intake returned to the premedication level within 8 days. 

In sharp contrast thyroid administration to dog 5, an insensitive preparation, 
failed to increase the fluid consumption in spite of a greater percentile increase 



Fig. 1. Curves showing the 24 hour total heat production (solid lines) and fluid exchange 
in cubic centimeter per kilogram (broken lines) of hypophysectomized dogs during and after 
administration of metabolic stimulating substances. 

la, dog 6 given 2 grams of desiccated thyroid daily for 10 days (27 weeks postoperative). 
1&, dog 6 given anterior pituitary extract 2 cc. daily for 5 days, 1 cc. daily for 4 days and 
4 cc. daily for 3 days (34 weeks postoperative). 

2a, dog 5 given 2 grams desiccated thyroid daily for 9 days followed by 4 grams daily 
for 3 more daj'S (30 weeks postoperative). 

26, dog 5 given 1 mgm. thyroxine daily for 5 days (43 weeks postoperative). 

за, dog 4 given 1 mgm. thyroxine daily for 7 days (51 weeks postoperative). 

зб, dog 4 given 1 mgm. dinitrophenol three times daily for five doses and 2 mgm. three 
times daily for 9 more doses (5S weeks postoperative). 

in metabolism (fig. 1, 2a). It should be noted that animal 6 had a residual d.i. 
of 200 cc. while animal 5 manifested a normal water exchange. 

Thyroxine. . A series of normal dogs was given thyroxine in a dosage of 1 mgm. 
daib' for five dat's without causing an appreciable rise in the water exchange. 
This same procedure was repeated on the hj’^pophysectomized animal 5 (fig. 1, 2b) 
with essentially similar results in spite of a marked increase in the heat produc- 
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tion. Thju’oxine administration to 1, 2, 3, 4 and 6, however, was accompanied 
53 ^^ striking increases in the ivater exchange similar to that illustrated in figure 1, 
Sa, for dog 4. In all these cases (sensitive preparations) there is a similarity in 
the shape of the metabolism and water exchange curves. 

Dinitrophenol. It seemed advisable to determine the effect of dinitrophenol 
on an animal which had given a good response to th 3 U’oxine. Consequentl 3 ^ 1 
mgm. of dinitrophenol three times daity for five doses and 2 mgm. three times 
daily for 9 more doses was given to animal 4 (fig. 1, Sh). Metabolism rose to the 
same extent as ivith th 3 ’’roxine, but in spite of this stimulated metabolism the rise 
in water exchange is insignificant when compared to that obtained with th 3 ’^- 
roxine. 

Discussion. The foregoing experiments show that when the water exchange 
of sensitive animals is raised b 3 ^ anterior pituitaiy extract, desiccated th 3 a-oid, 
or th 3 n’oxine, there is a simultaneous increase in the metabolism. In all instances 


TABLE 2 


DOG 

NUMBER 

cal./kgm. 

BEFORE i 
THYROXINE 

MAXIMUM 

CAh./KQM. 

AFTER 

THYROXINE 

CAL./EG.U. 

INCREASE 

WATER, 

CC./KGM. 

before 
thyroxine ' 

MAXIMUM 1 
WATER, 

cc./kgm. ] 
after 

THYROXINE 

1 

WATER, 

cc./kgm. 

INCREASE 

WATER, 

cc./kgm. 

INCREASE 
FOR EACH 

cal./kgm. 

INCREASE 

Animals having residual d.i. 

, 2 . 

25.0 

38.9 

13.9 


mm 


18.0 

4 

31.2 

56.2 

25.0 

WmM 

■SH 

HH 

34.0 

6 

38.7 

56.2 

17.5 

■■ 

800 

600 

34.3 

Animals having no residual d.i. 

1 

28.1 

40.6 

12.5 

50 

175 

1 125 

10.0 

3 

35.9 

54.7 

18.8 

j 50 

370 

1 320 

17.0 

5 

25.0 

42.0 

17.0 

50 

100 

50 

2.9 


for any individual animal, the shape of the curves for heat production and fluid 
intake are similar in general outline (fig. 1, la, lb, and 3a). This clearly demon- 
strates a close association of the energ}^ metabolism with the water exchange that 
has been assumed to occur by previous investigators, although, with the excep- 
tion of 'VITiite, Heinbecker and Robinson, the 3 ’- actually did no metabolic studies. 

In spite of this close association of the two curves for any given animal there is 
no quantitative correlation from one animal to another between the fluid and 
metabolic responses as is illustrated in table 2. 

If one assumes that the three animals having a residual d.i. were totally anti- 
diuretic free, then it is obvious that the degree of rise in fluid exchange per unit 
dse in metabolism cannot be used in assaying the degree of antidiuretic lack. 

The experiments clearly indicate that the diuretic effect of desiccated thyroid 
IS due to the metabolism raising principle, thyroxine. While it seems unneces- 
sary to suppose that the diuresis is due to an 3 ’- other action of thyroxine than its 
stimulating effect on metabolism, yet, as was previously show by "White, Hein- 
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becker and Robinson an elevation of the metabolic rate per se does not necessa- 
rity lead to diuresis. This is demonstrated in the experiment illustrated in figure 
1 , Sa, Sb in which the heat production of an animal sensitive to thyroxine was 
raised with dinitrophenol without an appreciable rise in the water exchange. 

SUMMARY AND CONCLUSIONS 

The administration to “sensitive” dogs of anterior pituitary extract, desiccated 
thyroid and thyroxine caused an increase in energy production which occurred 
simultaneously udth an increased water exchange. In view of the marked 
stimulating effect of sjmthetic thyroxine on the water exchange of animals vfith 
d.i., desiccated thyroid probably owes its diuretic effectiveness to no other action 
than its metabolism raising ability. 

The lack of quantitative correlation between the rise in metabofism and the 
rise in fluid exchange between different animals of the group is discussed in view 
of the possible use of metabolic stimulants as test agents to assay the degree of 
antidiuretic deprivation. 

Dinitrophenol, although a potent metabolic stimulant, was ineffective in 
elevating the water consumption of an animal which previously had been demon- 
strated sensitive to tltyroxine, therefore an increase in metabolism does not 
necessarily lead to diuresis. 
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The effects of massive doses of vitamin D on the metabolism of calcium and 
phosphorus have been the subject of numerous experimental (and clinical) 
studies. Because of the availability of highly concentrated preparations or 
crystals of vitamin Da, attention has been largely confined to this substance. 
In general it has been shown that the administration of large doses of this vitamin 
to normal dogs causes an increase in serum calcium and phosphorus, an increase 
in the urinary excretion and a decrease in the fecal excretion of calcium and 
phosphorus, and a greater retention of these elements. Other substances known 
to be antirachitic and which would be expected to exert effects similar to those 
mentioned above include vitamin D 3 , dihydrotachysterol'(A.T.lO), and Evtron.^ 
Some of the effects mentioned are also charactei'istic of parathormone. 

The literature on all of these substances has been carefully reviewed by Reed, 
Struck and Steck (1). A more comprehensive survey on A.T.IO through 1937 
has been contributed bj'^ Holtz (2) . More recently Harrison and Harrison (3) 
have compared the effects of parathormone and vitamin D on phosphorus metab- 
olism and find that the latter causes an increase in the maximal rate of reabsorp- 
tion of phosphorus in the tubules while parathormone has the opposite effect. 
Weber and Richardson (4) have shown that the administration of A.T.IO to 
human subjects causes an increase in urinary phosphorus excretion and an 
increase in the absorption of calcium, rrith higher serum calcium. Ser’-eral 
articles seem to indicate that while both vitamin D; and A.T.IO cause an increase 
in the absorption of calcium and of the excretion of phosphorus in the urine, 
the effects of A.T.IO on the latter are more marked. This, for example, is the 
view of Albright, Sulkorvitch and Bloomberg (5), rvho attribute the low anti- 
rachitic value of A.T.IO to this property. This hypothesis is in accord \rith 
the views of Shohl, Fan, and Farber ( 6 ) and of Shohl and Parber (7), who have 
shoum (in rats) that non-toxic doses of A.T.IO will prevent the rickets induced 
by low-calcium high-phosphorus diets, while nearly toxic doses are required to 
prevent the rickets induced by high-calcium low-phosphorus diets . 

Recently McChesney and Kocher ( 8 ) reported a preliminary study of the 
effects of various activated sterols on the senim calcium of albino rats They 
found that corresponding antirachitic doses of crystalline vitamin D^ and Ertron 
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are indistinguishable in their action; that vitamin D 3 causes a more prolonged 
h 5 qiercalcemia than does vitamin Do; and that the effects of A.T.IO on serum 
calcium values are of the same order as that of 850 times its antirachitic equiva- 
lent of vitamin D3. 

Thus far no work has been reported which would pei-mit a comparison of the 
effects of single massive doses of ^dtamins D 2 , D 3 , Erton, and A.T.IO on calcium 
and phosphorus metabolism as to: 1 , duration and degree of changes in serum 
calcium and phosphorus; 2, changes in urinaiy output; 3, changes in fecal excre- 
tion; and 4, changes in total balances of these elements. It is our purpose in 
this paper to present such a stud 3 c 

Procedures. The experimental animals consisted of ten normal adult 
dogs. Thej’’ were studied in groups of five and were kept in individual metab- 
olism cages for the duration of each experimental period. Each dair the3'^ re- 
ceived a specified amount, depending upon their weight, of a prepared dog food,= 
and an3'- unconsumed residues were Aveighed the next day. The animals, with 
one exception (dog G, Avt. 8.5 kgm.), alAA’^a3’-s ate all of the ration offered except 
when, as a result of medication, anorexia developed. They AAure also giA'^en 
fresh spring AA^ater daibq ad Ubiliim. The Amlume of the Amluntary fluid intake 
AA’as recorded. 

For each test procedure mineral balances AAure determined during a seA'^en 
da3’' normal period, the animals ha-Aung been put on the special ration seA'^eral 
da 3 ’-s before this control period aa’-rs begun. The results obtained for the con- 
trol period AA-ere compared AAuth those for the first nine days folloAAang medication, 
which included the period of the greatest blood changes. The blood chemistry, 
hoAA'eA'’er, AA’^as folloAA-ed until the control A'alues AAure definite^'' re-established. 
This set of animals AA’as then allowed to rest AA'liile another experiment Avas 
being carried out on the other set. 

Excreta AA*ere usualb^ collected for periods of tAAU da 3 '^s, although we occasion- 
all 3 ' used one or three da 3 '- periods: the latter AA^as quite satisfactory and reduced 
the time spent in routine analysis. Urine Avas collected under toluene. Feces 
AA’ere remoA'ed from the cages dail3’' and placed in cartons until the total sample 
for the period had been collected. At the conclusion of the period of collection, 
aliquot samples of the urine and of the well-mixed feces AA^ere anal 3 ’’zed for calcium 
and phosphorus, thus giAung the total output for the interval in question. 

Methods of analysis. Urine, feces and food AA-ere wet-ashed b3'' the method of 
Neumann ( 9 ). Calcium AA-as determined by the standard Ej-amer and Tisdall 
procedure (10). Phosphorus was deteimined b3' the Fiske and SubbarOAA- 
method (11). Serum calcium was determined b3’' the Clark and Collip modi- 
fication ( 12 ) of the Ivi-amer and Tisdall procedure, and serum phosphorus b3’' the 
FLske and SubbaroAA- method. 

Medication. The A-arious preparations, AA-ith one exception, were adminis- 
tered in sesame oil in no. 12 gelatin (A’^eterinar 3 ’-) capsules. The contents of the 

= Old Tnisty Bove.x, inannf.-ictured bj- Old Trustj- Dog Food Company, Needham 
Heights, Massachu.sotts. 
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required number of capsules of Ertron, the active piinciple of Avhichis dried on 
casein, were transferred to the larger capsules for administration. 

The objective of the medication was to produce a maximal average rise in 
serum calcium of 4 to 5 mgm. per cent. Both Dale, Marble and h'larks (13) 
and Goormaghtigh and Handovskj'’ (14) have reported that the lethal dose of 
vitamin D2 for clogs lies between 12 and 20 mgm. per kgm. McChesiiey^ and 
Kocher found that the dose required to produce (in rats) a hypercalcemia of 
the order we desired is about 12 mgm. per kgm. We therefore chose to give 5 
mgm. per kgm. of both vitamins Do and D3 since their hypercalcemic effects iii 
rats are about equal, and this dosage of D2 seemed to be sufficiently removed 
from the lethal level. The dose level of A.T.IO selected was also based on the 
observations of McChesney and Kocher; they found that the hypercalcemia re- 
sulting from the administration of 0.5 cc. of a 1 per cent solution of this prepara- 
tion to a rat corresponded closely to that of 2.5 mgm. of vitamin D3. An oral 
dosage of 0.1 cc. of a 10 per cent solution per kgm. was therefore administered 
to the dogs. 

Studies of the fate of vitamin D in the rat (15) have indicated that a sig- 
nificant part of Ertron is not absorbed from, and that a part is destro5’’ed in, the 
G.I. tract. An excess of 20 per cent, or a total of 240,000 units per kgm., was 
accordingly given in order that the systemic effect might be equal to that of the 
5 mgm. dose of vitamin Dj. 

Results. Composition of food. A large number of samples of food were 
taken at various intervals prior to and during the experiments for the purpose 
of determining their calcium and phosphorus content. It was found that the 
calcium content varied from 0.30 to 0.40 per cent nith an average value of 0.34 
per cent. The phosphorus content varied from 0.28 to 0.35 per cent uith an 
average value of 0.325 per cent. Since the dog food used was purchased in five 
case lots from a single shipment, we felt justified in basing our balance experi- 
ments on the assumption that over a period of seven or nine da3^s the food for 
each group of dogs would average 0.34 per cent calcium and 0.325 per cent phos- 
phorus. The validity of this assumption is strengthened by the fact that these 
exact values were obtained bj"- averaging a number of composite samples taken 
on different daj's from the eight cans used. The calcium content of the drinking 
water was 36 mgm. per liter and the small amount from this source was included 
in the calculations of the dietaiy intake. The phosphorus content of the water, 
on the other hand, proved to be negligible and was disregarded. When Ertron 
was administered, the phosphorus content of the casein was added to the intake. 

Analytical data. The data are presented in the form of four figures. Each 
figure shows the serum calcium and phosphorus (except in the case of Ertron 
where phosphorus was not done: see discussion) for the individual dogs, and 
the mean for the group. The urinarj^ and fecal excretions, and the total balances 
of calcium and phosphorus are given as average values for the five dogs per day. 

Discussion. Senm calcium. All of the preparations tested elevated the 
seinm calciimi level nithin the first 24 hours post-medication. The action of 
A.T.IO was most prominent in that an increase of 3 mgm. per cent was noted 
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on each of the first two days. The other preparations caused an average rise 
of only 0.5 to 1.5 mgm. per cent per day. The observations of Holtz, who 
states (referring to human subjects): “In checking the serum calcium level it 
should be noted that the effect of a large dose of dihydrotachysterol is demon- 
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Fig. 1. Results of medicating five adult dogs -with 5 mgm. of crystalline vitamin D 2 per 
kilogram of body weight. 


strable at the earliest after 2 or 3 days, and that the maximal effect is reached 
between the 4th and 7th day,” are not in agreement with the veiy short latent 
period noted after medication of normal dogs as reported in this paper. In 
point of time the peak calcium levels after A.T.IO, vitamin D3, vitamin D2, 
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and Ertron were noted at 3, 4, 5 and 5 days post-medication . 

Tthe same order in which the peak responses were observed if 
hlcChesney and Kocher, but in each case they are delayed by about 48 ho 
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Fig. 2. Results of medicating five adult dogs with 6 mgm. of crystalline vitamin D 3 per 
kilogram of body weight. 

The responses to vitamin Do and Ertron are considered to be practicallv 
identical. Both gave their peak values at the same interval after medication 
and, although the serum calcium averaged higher after Ertron, the difference is 
probably without significance in view of the fact that a different set of dogs was 
used for this test. 
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Still a third type of response ivas obtained with vitamin D3. The initial 
rise was more rapid than vith vitamin D2, but slower than vdth A.T.IO. The 
peak value in the different animals ivas reached from the second to the fifth 
day (average 3.5 days), followed by an exceedingly slow decline. Two dogs, 
for example, showed no appreciable change from the sixth to the fourteenth daj^s 
after medication. The average value for the entire group decreased onlj'- 1 
mgm. per cent from the fourth to the sixteenth da^’^s post-medication. 

The effects of all these preparations are markedl}’^ different from those of 
parathormone on normal dogs. A dose of parathormone sufficient to cause an 
increase in serum calcium of 5 mgm. per cent has its maximum effect at about 
the sixteenth hour and by the thirty-sixth hour essentiallj'’ normal conditions 
are restored (16). 

The responses of the individual animals to these preparations were quite ir- 
regular. The greatest uniformity of response was obtained during the first two 
daj^s of the A.T.IO medication, but vdde variations were noted after the second 
daj'’. The net serum calcium increases or peak values also varied maximally. 
Thus the extremes represented b3'^ two animals after Ertron were 13.7 and 19.8 
mgm. per cent. The greatest irregularity of individual response was also noted 
after Ertron where one animal showed three distinct maxima before the base 
level was again reached. The onlj'- generalization which can be made vdth 
regard to individual response is that an animal which gives a maximal response 
to one medication also gives a maximal response to the others, and vice versa. 
Dale, Marble, and Marks have suggested that the response depends more upon 
age than upon weight. On the other hand, the degree of loss or destruction in 
the G.I. tract ma}'’ be the most important variable. 

Serum phosphorus. These values were determined onl}’' for vitamins D2, 
D3 and A.T.IO; since both Ertron and vitamin D2 are forms of irradiated 
ergosterol it was deemed unlikely that the reaction to Ertron ivould differ sig- 
nificantlj’- from that to D2. As to the results, the only conclusions that maj'- be 
drawn from these observations are as follows: significant changes occur in the 
first 24 hours post-medication, when a considerable elevation is noted. Normal 
values are essentiallj’- restored bj^ the end of 72 hours except after vitamin D2, 
where slightlj'^ elevated values persisted up to live days. Later, during the 
period in which the serum calcium was returning to normal, the phosphorus , 
tended to be subnormal. This tendenc3'^ was particularly prominent after the 
A.T.IO medication. 

Anoreocia. Some degree of anorexia, associated vdth h3’^percalcemia, was 
observed after all of the medications. In general the animals lost their ap- 
petite when the serum calcium reached a level of 17 to 18 mgm. per cent depend- 
ing on the individual. After ^^tamins D2 and D3 only one animal (the same one) 
was affected; after Ertron and A.T.IO all of the animals but one were affected. 
The most severe anorexia was found after A.T.IO but it lasted for onh^ four da3^s 
coincident with the liighest serum calcium levels. After Ertron the anorexia 
was less severe than after A.T.IO but it pei’sisted for a week, and the animals 
could be induced to eat then onh’- 1)3’’ changing’the ration to fresh ground beef. 
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During this week one animal ate only 160 grams of food, about 2 per cent of 
its usual intake. 

Urinanj output. The urinary calcium output was materially increased alter 
medication mth each of the preparations tested. An increased output of phos- 
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Fig. 3. Results of medicating five adult dogs with 240,000 units of Ertron per kilogram 
of bodj' weight. ^ 

phorus followed medication tvith vitamins and D3. After Ertron and A T 10 
no apparent change in phosphorus occurred. However, it must be recalled that 
follonang these medications the dietary intake of phosphorus was greatly re- 
stricted due to the refusal of food; therefore it can be stated that no decrease in 
output took place when one would normally have occurred. The increase in 
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calcium output after these two preparations took place in spite of the restricted 
intake. 

Fecal output. The normal fecal calcium and phosphorus values were mate- 
riall}’- decreased by all of the preparations tested. The decrease noted was most 
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Fig. 4. Results of medicating five adult dogs with 0.1 cc. of a 10 per cent solution 
of A.T.IO (equiv.alent to 2 cc. of commercial A.T.IO) per kilogram of body weight. 


significant after vitamins Dj and Ds since in these cases there was no accompanj^- 
ing restriction of dietary intake. It should also be noted that under the condi- 
tions of the test vitamin D3 had a laxative effect which might be expected to 
diminish absoriition and lead to a temporarilj' increased output. In spite of 
this, a decreased output was actualh' observed. 
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Total balances. Variations in fecal output from day to day tend to give 
similar fluctuations in calcium and phosphorus balances. Although the dogs 
ordinarily passed some feces in every 24 hour period, they did not always do so. 
Variable food intakes accompanied by practically undiminished output also 
produce fluctuations in balances. However, the fact that we averaged data on 


TABLE I 

Comparison of effects of various activated sterols on the calcium and phosphorus metabolism 

of dogs 


FACTORS STUDIED 

CHARACTERISTICS OF 
RESPONSE 

VITAMIN D- 

\UTAMIN D> 

ERTRON 

A.T.IO 

Serum calcium 

Time of peak value 
Average peak value 

1 Individual peak value 
Average duration of hyper- 
calcemia 

Rate of rise 

Rate of fall 

5th day 

13.9 mgm % 
16.3 mgm. % 
11 days 

, Slowest 

4th day 

14." mgm. % 
17.3 mgm. % 
17 days 

Slowest 

5th day 

15.6 mgm. % 
19.8 mgm. % 
20 days 

3rd day 

18.6 mgm. % 
20.8 mgm. % 
15 days 

Fastest 

Fastest 

Serum phosphorus 

Time of peak value * 

Average peak value ! 

1st day 

5.2 mgm. % ' 

1st day 

4.2 mgm. % 

1 

1st day 

5.9 mgm. % 

Food consumption 

« 

Incidence ot anorexia 
Duration of anorexia 
Intensity of anorexia 

20% of dogs 

3 days 

Least 

20% of dogs 

6 days 

80% of dogs 

7 days 

80% of dogs 

4 days 
Greatest 

Urinary excretion ot 

Calcium 

Phosphorus 

Increased 

Increased 

Increased 

Increased 

Increased 

Unchanged 

Increased 

Unchanged 

Fecal excretion of 

Calcium 

Phosphorus 

Decreased 

Decreased 

Decreased 

Decreased 

Decreased 

Decreased 

Decreased 

Decreased 

Total balance of 

Calcium 

Phosphorus 

Increased 

Unchanged 

Decreased 

Decreased 

Increased 

Increased 

Increased 

Decreased 


TABLE 2 


Effect of various activated sterols on calcium and phosphorus balances 
Daily balances* — grams 


ELEMENT 

PERIOD 

VITAMIN D: 

VITAMIN Dj 

j ERTRON j 

A.T.IO 

Calcium 

7 days, pre-medication 

9 days, post-medication 

-f0.5S 

-fO.86 

4-0.43 

4-0.15 

1 

4-0. 02t j 
4-0.22 

4-0.27 

4-0.44 

Phosphorus 

7 days, pre-medication 

9 days, post-medication 

-bO.56 

4-0.54 

4-0.27 

4-0.09 

f 1 

-o.oit 

4-0.06 

4-0. 28 
4-0.19 


* Average of 5 dogs per day. 
t 5 days pre-medication. 


five animals for periods of two or three days reduced these fluctuations to a con- 
siderable extent. 

We were able to confirm that vitamin Dj causes an increased retention of 
calcium; i.e., a more positive balance. There was no appreciable change in 
phosphorus balance. Vitamin D 3 , on the other hand, appeared to cause a lesser 
retention of these elements. While the balances remained positive, they were 
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not as favorable as during the control period. In the case of Ertron the first 
two days of the control period should probabl3'’ be disregarded on the ground 
that equilibrium had not 3’'et been achieved. (This was the first experimental 
procedure to which the dogs had been subjected.) With that reservation, the 
medication did result in some improvement in mineral balance in spite of the 
restricted intake. A.T.IO was found to give a more favorable calcium, but 
less favorable phosphorus balance. Tliis is in accord vdth what would be ex- 
pected from the statements in the literature to the effect that this preparation 
causes a loss of phosphorus from the bod3' although here the loss occurs onh'- 
in the sense that less of the amount available is retained. 

The more important numerical data are presented in Tables 1 and 2. The 
latter table compares mineral balances in the pre-medication period vdth those 
from the post-medication period since the average dail3'^ balances are not in 
eveiy case readil3’’ determined from an examination of the figures. 

SUMALiRy 

The effects of single massive doses of vitamins D2, D3 and of Ertron and 
A.T.IO on the calcium and phosphorus metabolism of dogs have been compared. 
As to serum calcium, vitamin D2 and Ertron are essentiall3’' the same in their 
effects. Vitamin Da is characterized by the long persistence of a rather moderate 
degree of h3-percalcemia which follows its administration. A.T.IO causes a 
veiy rapid rise of serum calcium followed by a comparativel3’- rapid fall. All 
of the products cause a rise in serum phosphorus (Ertron not studied). All of 
the products decrease fecal and increase urinaiy output of calcium. The3’’ also 
decrease fecal output of phosphorus and either increase urinaiy output or main- 
tain it at a constant level in spite of decreased intake. All of the products e.x- 
cept vitamin Da improved calcium balances; Ertron improved the phosphorus 
balance slighth*. 
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It has been adequately demonstrated that sterile coitus, mechanical or elec- 
trical stimulation of the cervix uteri, and electrical stimulation of the brain stem 
■svill induce pseudopvegnancy in the cat, ferret, rabbit and rat (1). Emmens (2) 
and Friedman (3) employed intravenous injections of copper salts to induce 
ovulation and pseudopregnancj'^ in the esti-ous rabbit. Brooks (4) reports that 
pituitary stalk section prevents the ovulation in the doe that would ordinaril}’’ 
follow coitus or intravenous copper injections. His experiments indicate that in 
the estrous rabbit both stimuli are mediated over a similar neuroendocrine path. 

Several investigators, however, have reported that estrous cycles continue in 
rats in which the pituitary stalk has been sectioned (1, 6, 6); but it is uncertain 
that these lesions prevented the induction of pseudopregnancy by coital stimuli. 
Since pregnane}’’ and pseudopregnancy in the rat, eat, ferret and rabbit are quite 
likely dependent upon a fundamentally similar neuroendocrine physiology (7), 
intravenous injections of copper salts might be expected to induce pseudopreg- 
nancy in the estrous rat. This paper cites experiments which test this possi- 
bility. 

Materials and methods. A 1 per cent solution of copper acetate [Cu 
(C 2 H 2 O 2 ) -HaO] has a copper ion concentration of approximately 3.0 rngna. per 
cubic. centimeter of solution. The pH of this solution is approximately 5.4. By 
adding a 2 per cent solution of copper acetate to an equal volume of a 2 per cent 
solution of sodium acetate, the final solution is brought up to pH 5.9-6.1. This 
was the source of our copper ion for all the experiments reported herein. 

The rat was lightly anesthetized nith ether and then placed on its back. The 
medial aspect of the thigh was shaved, and an incision made through the skin and 
mammary fat along the outline of the femoral vein into the inguinal region. This 
exposed the femoral vein at its junction ’ufith the inferior mammary vein. At 
this point the vein is large enough so that it can be punctured easily rvith a 30- 
gauge needle. The needle can be observed in the vein and there is no loss of in- 
jection medium into the surrounding tissues. The procedure can be carried out 
in 5 minutes under ordinary asepsis. We have used the same rats several times 
for similar injections. 

The rats used in these experiments were of a Wistar strain, bred and raised in 
our stock colony. They were removed to the experimental colony when 80 to 

5S7 
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200 daj'^s old and maintained on a stock diet, which included a diy iDasal ration 
supplemented tmce weekly -with lettuce and carrots. SLx to 8 rats were kept in 
a large cage. Individual dailj'- vaginal smear records were made throughout the 
investigation untU the animals were sacrificed. Rats were used only after they 
had exhibited two or more normal estrous cycles. All injections were given 
intravenously shortly after the reading of an estrous vaginal smear, unless other- 
wise stated. 

Results. In the course of the experiment 16 rats in estrus were injected with 
0.1 cc., and 10 estrous rats were injected with 0.15 cc. of the copper solution. A 
prolonged diestrous vaginal smear (which ranged from 9 to 19 daj’-s) was induced 
in all the above rats following the intravenous copper injection. To be sure that 
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Fig. 1. Prolonged diestrus (pseudopregnancy) induced with 0.1 cc., or 0.15 cc. of a 1 
per cent copper acetate solution given intravenously in normal, regularly cycling adult 
female rats. Each dot represents a daily vaginal smear observation, i indicates injec- 
tion at estrus. The number indicates the daj’S duration of prolonged diestrus. 


this prolonged diestrus represented a true pseudopregnanc}'’, the uterine horns of 
several rats were traumatized vdth silk sutures on the fourth day of the induced 
diestrus. Definite deciduomata were found in the uteri on the eighth da}’'; and 
biopsies of the mammary gland showed an earlj'- stage of proliferation. Figure 
1 shows the protocols of daily vaginal smears preceding, and subsequent to in- 
travenous injections at estrus of several of the above rats. 

Six rats were injected -ndth 0.1 cc. copper solution at the time of a late estrous, 
or an early metestrous vaginal smear. The smear records on these rats show a 
prolonged diestrus intermpted once on the fourth to sixth da}" by an apparent 
proestrous or estrous smear (rat 25). Intravenous injections of 0.1 cc. of copper 
solution given to 13 rats in metestrus and 14 rats in diestrus stages of the cycle 
failed to induce a prolonged diestrus. Only 5 of these rats experienced a 2- or 
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3-day alteration in the rhythm of their first cycle immediately following the in- 
jection. Apparently copper is effective only during the preovulation phase of 
estrus. 

The operative procedure was duplicated using distilled water instead of the 
copper solution in three control experiments. There was no alteration of the 
estrous rhjThm in these trials. Also, 0.15 cc. of the copper solution injected sub- 
cutaneously in 5 estrous rats was ineffective in inducing pseudopregnancy. 
However, ulceration and necrosis were produced at the injection sites. Figure 
3 presents the vaginal smear protocols of a few of these rats. Pfeiffer (8) reports 
similar trauma follovdng subcutaneous injections of a 10 per cent copper solution 
which did not produce anj'- changes in the ovarian histology of immature rats. 

Since this intravenous method in the estrous rat is a new procedure, it appeared 
that a valid comparison with the intravenous copper injection would be the 
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Fig. 2. Prolonged diestrus (pseudopregnancy) induced with rat pituitary extract 
(R.P.E.) in normal, regularly cycling adult rats. Each dot represents a daily vaginal smear 
observation, i indicates injection at estrus. The number indicates the days duration 
of pseudopregnancy. 

Fig. 3. The protocols of an adult cj'cling rat injected intravenously with 0.15 cc. dis- 
tilled water, and two other adult cycling rats injected subcutaneouslj’- with 0.15 cc. of the 
copper solution. Each dot represents a daily vaginal smear observation. 1 indicates 
injection at estrus. 


demonstration that pseudopregnancy could also be induced wdth a gonadotropic 
extract. Rat pituitaries were desiccated in acetone, and then air dried. The 
powder was extracted mth distilled water made slightly alkaline to phenol- 
phthalein wdth 1/10 N NaOH; and sodium chloride was added to make the solu- 
tion physiologically normal. A single intravenous injection of a dose represent- 
ing 1.0 mgm. of fresh pituitary from castrated rat induced typical pseudo- 
pregnancy (fig. 2). 

Since copper solutions are knoum to be toxic, it was of interest to determine 
the minimal effective dose that could induce pseudopregnancj'', and also to 
determine the lethal dose. 

Two estrous rats were injected vdth a dose of 0.025 cc. of the copper solution, 
2 others with 0.05 cc., 2 more udth 0.06 cc., and 1 with 0.08 cc. The estrous 
rhythm of these rats was not altered. But intravenous injections of 0.1 cc and 
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0.15 cc. of the copper solution induced a pseudopregnancj^ in all the trials. 
Therefore 0.10 cc. is the minimal effective dose of our copper solution. 

LethaLresults Avere obtained in 2 rats Avithin a feAA-^ minutes folloAAung the in- 
travenous injection of 0.6 cc. of the copper solution. A seA^ere diarrhea AA-as in- 
duced in 3 rats Avithin a feAv minutes after the injection of 0.4 cc. of the copper 
solution. ‘These rats died Avithin a period of ^ to 2 hours after the injection. 
The minimal lethal dose appears to be approximately 0.3 cc. of copper solution. 
The rats injected Avith this dose Avere semicomatose Avhen the ether effects should 
have Avorn off ; there AA’^as a hematuria; and they AA-ere moribund 48 hours after the 
injection. The minimal effective dose of 0.1 cc. copper solution injected in- 
travenously occasionally induces a transient hematuria for a feAA^ hours, but no 
other injurious effects Avere noted. 

In the course of similar experiments Avith estrous rabbits it has been found that 
doses of 1.0 cc. of this same copper solution induced ovulation AA’hereas 0.75 cc. 
Avas ineffective. Doses of 5 cc. to 7 cc. Avere lethal for rabbits. 

SUMMARY 

Intravenous administration of copper solutions induce pseudopregnancy in the 
adult estrous rat. The minimal effective dose is 0.1 cc. (0.3 mgm. of copper ion) 
of a 1 per cent copper acetate solution. Approximately 1 cc. of the same solution 
is the minimal ovulating dose in the esti’ous rabbit. 

Pseudopregnancy is also induced in the adult estrous rait b}^ intravenous in- 
jection of rat pituitarj’’ extract. These data suggest that the copper may act 
through the pituitarj’' since the reports in the literature indicate that the intact 
pituitaiy is necessarj’- to mediate the copper induced pseudopregnancy in the 
rabbit. They also suggest that a fundamentally similar neuroendocrine physi- 
ology exists in both the spontaneous!}’' OA’ulating rat and the non-spontaneou.sly 
OA’ulating rabbit. 
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Since mercurial diuretics are extensively used clinically to increase salt and 
water excretion, the purpose of this study was to find a more quantitative method 
of evaluating the chloride excretion produced by the organic mercurials and to 
determine any quantitative differences between these diuretics. Because 
mercurial diuretics increase urine flow by an inhibition of tubular function (1), 
it was thought probable that a range of dosage between minimum and maximum 
tubular inhibition could be determined for each mercurial. This range in dosage, 
as determined in dogs -with bladder fistulae by increasing the dose of mercurial 
each week, would then represent the safe or “physiological range” of dosage and 
would be bounded on one extreme by the first evidence of increased chloride 
excretion and on the other extreme by the maximum chloride excretion obtained. 
The above approach would provide data on the physiological limits of chloride 
excretion which can be obtained with progressive tubular inhibition. 

Expehimektal. Preliminary studies indicated that the total chloride excretion 
in milligrams of NaCl- would afford the most exact criterion of the total diuretic 
action. This was based on the finding that in order to obtain constant results, 
dehydrated animals must be used. Such animals, when injected udth mercurial 
diuretics, frequently respond with a marked increase in chloride excretion, but 
no increase in water excretion. If urinary volume alone is used as a criterion of 
diuresis, manj' effective therapeutic responses would remain undetected. 

The mercurial diuretics used in this study were; Salyrgan (N.N.R.), Mercurin 
(N.N.R.), the mercuric base of Esidrone (Na salt of pyridine-dicarbox.ymercuri- 
hydroxy-propylamide), and their corresponding Theophjdlin-containing com- 
pounds, Salyrgan-Theophyllin solution (N.N.R.), Mercupurin (N.N.R.), and 
Esidrone. 

Six groups of 5 dogs Mth bladder fistulae (2) were used in these studies. Ex- 
periments were performed by increasing weekly the mercurial dose in each group 
of 5 dogs. The animals were used onlj’" once a w'eek to allow recovery of salt 
balance and to minimize the cumulative poisoning. The dogs w^ere all w'ell 
trained and unanesthetized. V'ater was withheld from them for 5 hours before 
they were placed in stocks, and a control period of 30 minutes w^as allow^ed, during 

' Aided in part bj’ a grant from the Committee on Therapeutic Research of the Council 
on Pharmacy and Chemistry of the American Medical Association. 

" The product of the urinary volume and the milligram NaCl per cubic centimeter. 

591 



592 


CHARLES C. EOBT AND CARL PFEIFFER 


whicli time urine volume and chloride determinations (expressed as NaCl) were 
made every 10 minutes. At the end of the control period the diuretic drug was 
administered slowly, intravenous^ in a 1 to 3 cc. volume. Urine volmne and 
chloride determinations were made thereafter every 10 minutes for 2 to 2| hours. 
Inasmuch as this was also a study in chronic toxicity, the same approximate 
number of weekly doses was given to each gi'oup of animals. The increment of 
dosage was estimated from the therapeutic index^ of each compound, so that 
each group of dogs received approximatelj’^ 6 injections. In general, the experi- 
ments on each group of dogs were tenninated when a larger dose of the mercurial 
diuretic produced a definite decrease in chloride excretion. Clinical methods 
of studying renal toxicity were not applicable in these dogs, for the exposed 
bladder wall frequently exudes mucin and red blood cells which invahdate the 
usual clinical tests. The results of these studies are tabulated in figure 1. 

Discussion. Cardiac death (3) is knovm to occur with toxic doses of Salyrgan 
in the dog. The only cardiac deaths in this study occurred with Esidrone, 
where 2 dogs died after doses of 4 mgm. Hg/kgm. The addition of Theophyllin 
either in chemical combination (3 per cent in Mercupurin) or as a partial mixture 
(5 per cent in Salyrgan-Theophyllin solution) increases slightly the tolerated dose 
producing maximum inhibition and aids in reaching a higher peak of chloride 
excretion. All of the six gi-oups of dogs showed a final decrease in chloride ex- 
cretion vith the highest dose used. This probably indicates that the physiologi- 
cal mechanism which accounts for this type of diuresis had been exceeded, — that 
is, the tubular inhibition had been superseded bj’- tubular or glomerular damage. 

Tubular damage (4) foUo\ving repeated therapeutic doses of Novasurol has 
been observed. This was more.marked following larger doses and disappeared 
if the drug was discontinued. In the 32 dogs given large doses of mercurials 
in these studies all of the kidneys were fixed one week after the last dose of mer- 
cuiy, and when stained with scarlet red, showed histological evidence of fatty 
degeneration of the tubules. There was also minimum fatty infiltration of the 
glomerali at these toxic levels of dosage. No quantitative difference in kidney 
damage Avas noted; nor were any differences anticipated, since each group of 
dogs had been gi^^en a planned series of doses the last of which probably exceeded 
the point of maximum tubular inhibition as evidenced by the decreased chloride 
excretion obtained. 

^ Determined by intravenous rat toxicity and dog diuretic studies. 


Fig. 1. The milligram chloride excretion, expressed as NaCl, has been corrected to a 
theoretical 10 kgm. dog (ordinates). Time is given in minutes (abscissae). Note that the 
doses of each mercurial have been increased stepwise until a larger dose produces a de- 
creased chloride excretion. The abnormal range in control chloride excretions in the Salj'r- 
gan-Theophyllin solution graph may have been due to a high enwronmental temperature, 
as these experiments were performed in the late summer and early fall. Note the initial 
inhibition of chloride e.xcretion with the mercuric base of Esidrone. Also note the speed 
of onset, the high level of chloride excretion, and the similarity of the curves obtained with 
Mercurin and l^Iercupurin. The addition of Theophyllin to Salyrgan and Esidrone results 
in an increase in chloride excretion. 
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The deaths which occurred with the high dosage of Esidrone should advise 
against the continued use of this drag clinically until electrocardiographic and 
other studies are performed to rule out serious cardiac embarrassment mth the 
clinical dose now employed. 


SUMMARY 

In a series of trained, unanesthetized dogs the range of dosage between begin- 
ning tubular inhibition and the maximum obtainable chloride excretion varies 
for each mercurial diuretic. Tliis range is suggested as a means of evaluating 
these diuretics. Within a range of dosage of 0.5 to 2.5 mgm. Hg/kgm., Salyrgan 
produced a maximum chloride excretion of approximately 200 mgm. NaCl/10 
min./lO kgm. of dog. Esidrone (0.5 to 3.0 mgm. Hg/kgm.) produced a maxi- 
mum excretion of 300 mgm. NaCl, and Mercupurin (0.5 to 6.0 mgm. Hg/kgm.) 
produced a maximum excretion of 500 mgm. NaCl. 
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When large quantities of red blood cells are destroyed, as happens during 
crises of hemolytic icterus, malaria, sickle ceil anemia, Bartonella infections, or as 
the result of drug administration (hydrazine and its derivatives), it is of interest 
to know the fate of the products of disintegration. In this paper we present data 
on the fate of iron liberated in such blood destruction produced in dogs by 
acetylphenjdhj'-drazine. Such episodes are followed by a period of blood re- 
generation . In dogs with minimal iron storage, this probabty means reutilization 
of the newly liberated iron. Another possibihty, however, would be an ir- 
revei-sible deposition of this freed iron, together vdth blood regeneration utilizing 
iron taken from muscle hemoglobin and other tissue iron. In these experiments 
we have investigated this possibility by labeling the blood iron with the radio- 
active iron isotope.^ Such iron has been shown not to exchange physico-chem- 
ically with other iron of the body (6) and as long as the red cells remain intact, 
this tagged iron furnishes a means of following these cells throughout their physio- 
logical careers (3, G). 

hlETHODS. Routine care of these animals and preparation of diets has been 
described elsewhere in detail (9, 13). Hemoglobin w'as determined directlj^ as 
oxyhemoglobin, using the photoelectric colorimeter wdth no. 54 green filter. Red 
blood cell counts were determined in .the conventional manner. Measurements 
of radioactivity w^as done on a Geiger-Miiller counter, using either a dipping type 
of counting tube as described by Bale, Haven and LeFevre (1), or a newlj’- de- 
veloped type of “inside counter” wLich will be described in a forthcoming publi- 
cation. An effort w^as made to use as little blood as w^as consistent with accurate 
activity determinations in order that the circulating blood picture wmuld not 
suffer by massive sampling. It was usually necessary to electroplate the iron 
undei measurement and this procedure, Avhich affords a decided increase in 
sensitivity of measurement, will be described elsewLere. 

1 Me are indebted to Eli Linj"^ and Company for aid in conducting this work. 

= On Official Commission from the Institute Oswaldo Cruz, Rio de Janeiro, Brazil. 

2 M e are indebted to members of the Radiation Laboratoiy of the University of Cali- 
fornia and in particular to Drs. E. 0. Lawrence and M. D. Kamen for the radioactive iron 
used in these experiments. 
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Experimental observations. Dog 39-299 had been depleted of its iron re- 
serve stores b}"- repeated hemorrhage while being fed a diet low in this metal (9). 
At the beginning of iron feeding, the degree of microcjdosis and h 5 ’-pochromia can 
be seen by the follovnng figures RBC 4.4 M per cu. mm. ; Hb 3.5 grams per 100 cc. 
blood, hematocrit 18 per cent; mean corpuscular volume 41 (cu. micra); mean 
corpuscular Hb. concentration 31 per cent; mean Hb concentration 8.0 (micro- 
microgi’ams). Iron containing the radio isotope was fed dailj’- at a level of 30 
mgm. over a period of 20 da 5 ’-s. In figure 1 the parallel increase in hemoglobin 
and isotope concentrations of the whole blood are apparent. After administra- 
tion was discontinued, both continued to rise for about a week, as might be ex- 



Fig. 1 


pected (7), and then reached a constant, although subnormal, level. The mean 
corpuscular hemoglobin and mean corpuscular radioactivit}'' likewise increased in 
parallel fashion during this iron feeding period. TSdien the hemoglobin and 
activity concentrations had become relatively stable, acet 3 dphem’’Ili 3 'drazine 
(p 3 Todin) was administered subcutaneous^'' at a level of 300 mgm. per da 3 '' for 
4 da 3 's. The resultant drop in hemoglobin concentration and the parallel drop in 
aetivit 3 ’ concentration of the blood can readib'' be seen in figure 1. Following 
this during the regeneration phase, it will be noted that the activit 3 '' concentration 
again parallels the hemoglobin concentration. The radioactivit 3 ' per gram of 
hemoglobin did not change appreciabh' during this episode of blood destruction 
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and accompanying regeneration. Since experiments sliow that muscle hemo- 
globin and other tissue iron is not appreciably labeled udth radioactive iron dur- 
ing an experiment of this type, this constancy of activity per gi’am hemoglobin 
can only mean, in view of the low iron stores, that the iron of the broken doum 
hemoglobin has been rapidly reutilized during the regeneration process. The 
acuteness of this episode is shovmby the hemoglobin level falling from 10 grams to 
3 grams per 100 cc. of blood in the 6 days following the first pjuodin injection and 
a recovery to 11 grams per 100 cc. of blood 20 days after the fii’st injection. 

After establishment of a normal level of hemoglobin and a stable acthdty con- 
centration, pyrodin was once more administered and the picture obtained before 
was again found. 

Dog 40-213 was a normal animal when employed for some studies of suscepti- 
bility of red cells toward hypotonic salt solution (3). This dog was fed a diet of 
hospital table scraps and therefore the iron intake was not restricted. 

In order to incorporate some radioactive iron into the circulating red cells, the 
animal was bled in all approidmately 800 ml. Sixty-four milligrams of iron con- 
taining the isotope were administered intravenously and a sufficient period of 
time was allowed to elapse for the activity and hemoglobin concentration to 
become constant. At that time the blood picture was normal, RBC 5.5 M per 
cu. mm., Hb. 12.5 grams per 100 cc. blood. Hematocrit 42 per cent; mean cor- 
puscular volume 76 cu. micra., mean Hb concentration 22.7 micromicrograms, 
mean corpuscular Hb. concentration 30 per cent. 

Pyrodine was then administered and the resultant curves depicting concentra- 
tion of hemoglobin and radioactivity can be seen in figure 2. It is possible that 
the reserve storage of ordinary iron in this animal had to a great extent been de- 
pleted by the bleedings referred to above, but in our experience repeated hemor- 
rhage on a much greater scale is necessary to eliminate iron stores (9). 

It uill be noted again that the radioactivity per gram of hemoglobin remains 
essentially constant during the episode of blood destruction and recovery, in- 
dicating that the newly formed blood has iron of the same radioactivity as the 
broken down blood and that therefore this is probably the same iron. 

To animal 39-320 iron was administered by mouth after it had been made 
anemic by bleeding. Tiiis iron was rapidly utilized in the formation of new 
blood cells. Folloiving tliis regeneration of blood cells non-radioactive iron in 
the form of colloidal ferric hydroxide was administered by vein, including 200 
mgm. after the hematocrit had reached the normal value. In this animal there 
is no question of reserve iron being available, since it has been shown that iron 
administered in this foim can be used quantitative^ in the production of hemo- 
globin in time of need (12). Table 1 shows the radioactive isotope concentration 
m the blood of this animal. During the period covered by these data, the red 
cells in circulation would presumabty undergo breakdoum due to ageing (4, 10). 
It is to be noted that the acthdty concentration is maintained at a relative^ con- 
stant level throughout this peiiod. If, following destniction due to natural 
phijmlogical death, the “neutral” or storage iron had been used with equal 
readiness or m preference to the iron liberated from the red cells, we should ex- 
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pect a marked drop in the isotope concentration of the red blood cells due to 
dilution (4). This indicates that in blood regeneration under normal conditions, 
newly liberated iron is utilized even though ample storage iron is available. 



Fig. 2 


TABLE 1 
Dog 39-320 


DAY OF EXPERIMENT 

JUGULAR HEMATOCRIT 

ISOTOPE CONCENTRATION 

Red cells 

Whole blood 

30 

per cent 

50.5 

c./min. 

1600 

c./min. 

810 

60 

50.0 

1640 

820 

90 

51.3 

1730 

888 

120 

48.2 

1720 

830 

150 

53.4 

1735 

927 

ISO 

52.5 

1685 

885 


Discussion. The fate of iron liberated during pathological destruction of 
blood elements, as well as during the normal turnover of blood cells, is of interest 
for several reasons. Is there a danger of depletion of the bod}^ iron as a result of 
repeated bouts of red cell distruction? Also the possibility of irreversible de- 
position of iron must be ruled out even .though such a reaction needs hardl}" to be 
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anticipated. To answer the first of these questions it has been pointed out that 
excretion of iron under normal conditions is nearly negligible (6, 11), but that 
during blood destruction by acetylphenylliydrazine, a higher rate of excretion 
obtains, although this is still probably not of great consequence to the body 
economy (5, 8) . Under the conditions of the present experiments the irreversible 
deposition of iron did not occur either during acute episodes of blood destruction 
or during the loss of iron due to the normal wear and tear of red cells. Instead, 
the newly liberated iron was used for the regeneration of new blood cells, probabh’^ 
even in preference to the normal storage iron present in the body. 

As will be pointed out in a forthcoming paper (2), the blood picture show's 
morphological signs of blood regeneration as early as the fourth day after injec- 
tion of pyrodin. This regeneration is very pronounced at the low'est level of 
hemoglobin ; therefore, for instance in dog 40-299, the drop in hemoglobin in 100 
ce. of blood from 9.5 to 3.3 does not represent the total blood destruction oc- 
curring. It seems likely that most of the red blood cells of the animal w'ere 
destroyed and regenerated during each of these pj’^rodin episodes. Under these 
conditions the constancj’- of the radioactivity per gram of hemoglobin assumes 
special significance as an indication of the rapid reutilization of iron from the 
broken dowm red cells of the bod}', and also in eloquent witness for the speed by 
which iron incorporation into the red cell hemoglobin takes place. 


SUMMARY 

The ii'on liberated from hemoglobin derived from red cells destroyed by 
acetylphenylhydrazine (pyrodin) is utilized readily and nearly quantitativeh' for 
the regeneration of hemoglobin in the new red cells during the period of spon- 
taneous recovery from anemia under the conditions of these experiments. Also 
during experiments with normal dogs, where ample reserve iron stores are avail- 
able, it is found that the hemoglobin iron of new' red blood cells is derived from the 
iron of old cells broken dowm in normal wmar and tear of the animal blood, rather 
than from reserve stores. 
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The radioactive isotope of iron^ is useful not onl 3 '^ in the studj’" of iron, metab- 
olism (5) but also in stud 3 ’ing the ph 3 ’-siology of the erythroc 3 ’’te (2, 3). B 3 ’’ allow- 
ing an iron deficient, anemic dog to regenerate hemoglobin derived from a single 
oral administration of the radio iron, the age of the red cells into which the 
pigment is built can be considered as knomi to within a few da 3 ’’s (3). The red 
cell into which the isotope has been introduced as a hemoglobin constituent is 
itself tagged veiy effective^. The other commonN employed artificial radio- 
active isotopes of such elements as phosphonis, sodium, potassium, chloride, 
etc., which occur alone as ions or in combination in the red cell, do so onl 3 '- tran- 
sientl 3 ’-, either because of diffusion or due to a high rate of metabolic turnover. 
The tagged iron in the hemoglobin molecule is not subject to such vicarious 
changes. The hemoglobin of the red cell seems to remain intact as long as the 
ceU exists (6, 9), and its component iron is not apparentl 3 ’’ subject to ph 3 fsico- 
chemical exchange in ^dtro (6). 

Below are tabulated data to show that such exchange does not occur in vivo 
and that the red ceU once tagged ma 3 ’' be followed for many months. An ob- 
vious possibility would seem to be presented concerning the stud 3 '’ of the life C 3 ’^cle 
of the ei- 3 d.hroc 3 de directl 3 ^ But the impracticabilit 3 ’' of this procedure is 
explained by the follovdng experimental data. 

Methods. The animals used were normal, healthy, adult mongrels. They 
were all vaccinated against distemper and fed a diet of hospital table scraps con- 
taining adequate amounts of iron. In dog 39-320 the radioactive iron was ad- 
ministered oraU 3 ’’ but in dogs 39-242 and 38-137 the isotope was given b 3 '’ vein. 

Blood volumes were performed at about weekl 3 ’' intervals, using a modification 
of the brilhant-^dtal-red d 3 *e method (11). Following establishment of a con- 
stant level of isotope and hemoglobin, iron in the form of non-ra'dioactive col- 
loidal ferric h 3 -droxide was administered bv-- vein. The amount supphed in this 
manner was of the order of magnitude of an animal’s normal reserve stores (8). 

^ We are indebted to Eli Lilly and Company for aid in conducting this work. 

- We .are indebted to members of the Radiation Laboratory of the University of Cali- 
fornia and in particular to Drs. E. O. Lawrence and D. Kamen for the r.adioactive iron 
used in these experiments. 
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Dog 39-320 was a young adult female terrier, weighing 8 kgm. Three.hun- 
dred fourteen milligrams of iron containing the radio isotope were given in the 
form of ferric ammonium citrate by gavage. The total actmty was 70,000 
counts per minute on a scale-of-foui' Geiger counter of the dipping vaiiet} (!)• 
This animal had a circulating red cell volume of 260 ml. at normal hematocrit 
level, as determined by the radioactive donor cell procedure (7). Inert iron 
(312 mgm.) was given by vein as colloidal ferric hydroxide between the 10th 
and 17th days. One hundred ninety-two milligrams was also given on the 
118th day (fig. 1). 

Dog 39-137 was an adult female mongrel beagle, weighing 10 kgm. Sevent}^- 
one milligx’ams of the labeled iron was administered by vein in the form of 
ferric ammonium citrate. The total activity was 6,000 counts per minute. 
The circulating red cell volume was 272 ml. at normal hematocrit level (7). 



Inert iron (232 mgm.) was given by vein as colloidal ferric hydroxide between 
the 50th and 60th experimental days (fig. 2). 

Dog 39-242 was a 11.5 kgm. male adult mongrel terrier. Thirty-one milli- 
grams of the labeled iron was administered as ferric ammonium citrate bj" vein. 
The red cell circulating volume was 450 ml. determined at normal hematocrit 
level (7). Inert iron (180 mgm.) was given by vein as colloidal ferric hydroxide 
near the 75th experimental day (fig. 3). 

Activity measurements were made on a Geiger-Muller counter, using a dipping 
type of counting tube in the early parts of these experiments. 

Later, vhen the radioactivity became too low for measurement \rith thia 
apparatus, the iron was electroplated on to tin foil and measured on a counter 
with thin aluminum walls. Due to lower absorption of iron beta rays by this 
counter’s walls, a sensitivity increase of thirty times is obtained. 
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The counter operates at 7 cm. hydrogen and 1.0 cm. alcohol pressure. In 
order that the thin walls Avill not collapse from external pressure, the whole 
counter including the iron sample is contained in an evacuated brass cylinder. 
A double turret mechanism operated from outside allows four samples to be 
measured before the pressure is raised to atmospheric and the samples changed. 



0 50 100 DAYS ISO 200 


Fig. 3 

The counter walls are of 0.001 cm. aluminum wth a thin laj^er of copper evapo- 
rated on the interior for better counter characteristics. The sensitive area is 
1.2 cm. diameter bj" 5 cm. long. HOiere the 3 cm. long iron sample is in position 
to count it is concentric with and about 1 mm. from the counter wall. This 
counter level has a low background count of 3.5 scale-of-four counts per minute 
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and the same good sensitivitj’' for radio iron wherever it may be located on the 
plated sample. 

For electroplating^ the ferric hydroxide is dissolved in a few drops of hydro- 
chloric acid and evaporated to near dryness. The ferric chloride is transferred 
with a few milliliters of water to the electrolytic cell and 3 ml. of 20 per cent am- 
monium chloride and 2 ml . of saturated sodium citrate added . The whole is made 
up with water to 15 ml. The anode is a platinum wire and the cathode a cylinder 
of tin foil 1 cm. in diameter by 3 cm. long, fitting closely the wall of the electro- 
lytic chamber, mth an attached tab for handling and electrical connections. 
The cyhnder is coated on the outside with red GlyptaF and the tab is completely 
covered, except at the end where electrical connection is made. The solution is 
stirred by a cun-ent of air and immersion in a tank of rapidly moving water to 
provide cooling. The plating is carried out for 4 hours at about 1.5 amperes 
provided by a 200 watt lamp in series mth the D.C. supply. At the end of the 
plating, the electrolyte is acidified with hydrochloric acid and tested with am- 
monium thiocyanate to be sure no iron remains. Each solution is made up to 
contain 3 to 5 mgm. of iron by adding inert iron to solutions known to be low in 
total iron content. 

The coiTected concentrations of isotope levels were deteimined as follows. 
The determined concentration in red cells was multiplied by the red cell volume 
to provide a value for total circulating isotope. The amount of isotope activity 
removed previous to this time by sampling procedures was added to this value. 
Division by the red cell volume then proidded the concentration of isotope in 
red cells corrected for sampling. The whole blood corrected concentrations were 
then obtained by multiplying corrected red cell isotope concentrations by the 
jugular hematocrit present in each case. 

These corrections are accumulative and toward the end of the experiments 
may approach 60 per cent of the total count. They are, of course, much smaller 
than this during most of the experimental period. 

Discussion. Examination of figures 1, 2 and 3 discloses that the isotope con- 
centration of the erythrocytes is remarkably constant over a veiy long period. 
If exchange of iron in the red cell hemoglobin with body stores or other iron takes 
place, it is of a negligible extent, since ample amounts of ordinary iron are avail- 
able for such exchange in these animals, it having been introduced by vein 
in each case. 


Hawkins and ^Vhipple (9) have shomi that the life of the red cell is approxi- 
mately 115 to 130 days in the bile fistula dog. They utilized the quantitative 
liberation of bile pigment from aging red cells for their demonstration. In 
animals whose circulating cells were tagged nith a given amount of isotopic iron, 
the concentration of activity in the circulation supposedly would remain con- 
stant until disintegration of the tagged cells. Presumably, the new cells then 
formed would derive their iron partly from the inert storage iron and partly from 

elel'opSg 1.™!“':"'’"’“'" "'“■’I”' “'velopment „I the 

Obtnined from General Electric Compaii3’'. 
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the disintegrated eiythrocjde hemoglobin. This would result in a telltale dilu- 
tion of the circulating activity and should occur at the end of the life cycle of 
the original tagged cells. In the animals under consideration, storage iron was 
adequate and it has been shorna that this storage iron is utilized verj^ readity for 
hemoglobin construction in anemia due to blood loss (8). Nevertheless, there 
was no change in the concentration of the red cell or whole blood isotope level 
during the time of expected life C 3 '-cle breakdovm of about 120 da 5 '^s. From this 
we can infer that either in the normal unoperated dog (intact biliar5'- S3’’stem) 
the red cell life C 3 ’'cle is gi’eater than in the operated dog or, as is more likety, 
the iron hberated from the hemoglobin of the destroyed red cells is more promptty 
utilized than iron in storage. Dietar 3 ’- iron is probabty not of significance in 
these experiments since in all likelihood, under these conditions, ver 3 '- little ii’on 
would have been absorbed (5). 

It might be mentioned to advantage also that if a considerable number of red 
cells were undergoing disintegration b 3 ’' circulator 3 ’' trauma (daity wear and 
tear), and the iron liberated from these cells was hkevdse handled preferentialty 
in the construction of new cells, it would not be possible to use the isotope in 
the determination of this wear and tear factor. 

The red cell hematocrit changed over a wide range following complete utiliza- 
tion as shovTi b 3 ’- peak in the concentration of the isotope (fig. 1). The concen- 
tration of radioactive iron in the red cells appears to change as an indirect func- 
tion of this hematocrit. This sugge.sts a mathematical product of the cor- 
responding values which would be constant. If the latter, procedure is carried 
out, a nearty straight line results when the product of red cell isotope concentra- 
tion and jugular hematocrit is plotted against time. We ma 3 ’' consider wly 
this occurs. 

It has been stated that the isotope when incorporated into the red cell as 
hemoglobin, remains there for a considerable time (3). This is also apparent 
from inspection of the figures 1, 2 and 3 below. Therefore, if there is no exchange 
of the isotope with other iron of the bod 3 '’ (6) or loss b 3 '’ excretion (4) within 
the life span of the containing red cell, we may sa 3 '’ that the total amount of cir- 
culating isotope remains relativety constant after the suppty of it has been 
exliausted b 3 ^ use. This ma 3 ^ be expressed as follows: 

Total RBC mass X cone, of isotope in RBC’s = Ki 

Since it has been shown that the circulating red cell mass in the dog is approxi- 
matety equal to the total red cell mass (7) and since it has also been shovm that 
the latter value is about 75 per cent of the value derived indireetty from deter- 
mination of plasma volume in the dye procedures (10) (7). 

(A) Blood vol. (d 3 ^e) X Jug. Hct. X 0.75 X cone. RaFe in RBC’s = Kz 
and according to the experimentalty determined relationship mentioned above: 

(B) Cone, of RaFe in RBC’s X Jug. Hct. = Ivs 
b 3 " dividing A b 3 ' B it follows that the simple relationship, 

(C) Blood vol. = K 4 

exists even when there is a marked change in jugular 'hematocrit (fig. 1). 



BADIOACTIVE IRON IN STUBY OF TOTAL BLOOB VOLTJAIE 


605 


The same couclusioii may be reached if values for the concentration of isotope 
in the whole blood plotted against time are compared to values of the jugular 
hematocrit and the concentration of isotope in the red cells (fig. 1). The con- 
centration of the radio iron in the whole blood remains essentially constant in 
spite of a rise in the jugular hematocrit and a corresponding fall in the concen- 
tration of the radio iron in the red cells, the latter due to dilution by cells con- 
taining ordinary iron from the diet or other extraneous sources. This also indi- 
cates that the total blood volume is a constant. Therefore, as the volume of red 
cells increases, there would seem to be a loss of plasma from the circulation 
to permit such a picture, and conversely, when there is a loss of red cells from 
the circulation one would expect a comparable increase in plasma volume. 


SUMMARY 

When the circulating erythrocjdes have been tagged by the incorporation of 
radioactive iron into their constituent hemoglobin, these cells may be followed 
in the body for ihany months. 

When disintegi’ation of the red cells occurs, either by aging or trauma, even 
in the presence of adequate inert storage iron, the labeled iron from the liberated 
hemoglobin is almost immediately re-utilized by new cells such that the total 
circulating radioactivity is maintained constant. 

It is not feasible in these experiments to use the iron isotope in the determina- 
tion of the life cycle of the red blood cell. 

It is indicated from these experiments that the total blood volume of the dog 
is maintained at a constant level independent of the state of anemia. As the 
red cell circulating volume increases, there is a corresponding drop in the plasma 
volume in order to maintain the total circulating blood volume constant. 
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In their review of the literature concerning the plasma proteins, Madden and 
VTiipple (1) referred to the depression of the plasma proteins which occurs in 
rats vithin twenty-four hours after partial hepatectomj’', and stated, “It would 
be interesting to know something about blood volume at this time in these rats.” 
This work is concerned with the determination of blood volumes at varjdng 
periods after partial hepatectom}'- in the white rat. 

Methods. VTiite male rats of Wistar strain, four to six months of age, 
raised on a stock diet, were used. Partial hepatectomy, under ether anesthesia, 
was performed according to the procedure of Higgins and Anderson (2). Intact 
animals of the same age served as controls. After operation the animals were 
continued on the stock diet, and were allowed food and water ad libitum. Blood 
volume determinations were made ndth the dye method of Gibson and Evans 
(3) and Gibson and Evetyn (4), as modified for rats bj’’ Beck-with and Chanutin 
(5). For this procedure the animals were anesthetized with intraperitoneal 
sodium-pentobarbital, with precautions outhned by Sheiflej’- and Higgins (6). 
In a few instances two blood volume determinations were made on the same rat 
at different periods after partial hepatectom}’’, but in most cases the animals 
were sacrificed after one determination. 

Results. Data for total blood volume, plasma and red cell volumes are 
presented graphical^ in figure 1. Plasma and red cell volumes decreased 
comparabty during the first days, and as a result none of the values for total 
blood volume fell within the control range during this period. Thereafter the 
plasma volume rose progressively, reaching the average control value on the 
seventh da}’’; the individual and average values for plasma volume continued 
to increase appreciably and in many cases were greater than those of the control 
group. The majority of values for red cell volume were vithin the control range 
on the seventh day, but the average value had not reached the control level on 
the twentieth day. The return of the total blood volumes to the control level 
about the ninth da}' was due principally to the increased plasma volumes. 

Blood volume deteiTninations on animals subjected to simple lapai’otomy 
alone showed no deviation from the control range on the first and third days 
after operation. 

Comment. It has been observed (7) that folloAUng cessation of a moderate 
hemorrhage, the blood volume is quickly restored to its previous level, presum- 
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ably absorption of extravascular fluid; and that the percentage of red cells 
and hemoglobin is further decreased by this dilution. In the present expel iment 
the decreased blood volume was due to diminution in both the plasma volume 
and the red cell volume, but since the plasma volume did not increase until five 
days after operation, at which time the red cell volume also rose slightly, the 
blood volume changes do not appear to be the result of simple hemorrhage. 
Moreover, the alteration of blood volume seems greater than can be accounted 
for bj'^ blood loss incident to operation and removal of liver tissue. 

The concentration of the plasma albumin may be one factor in the regulation 
of the plasma volume (8), but has been found to be significant only when the led 
cell volume is constant (9) . Chanutin and associates (10) found that the con- 
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Fig. 1. Changes in the total, plasma and red cell volume after partial hepatectomy. 
Open circles represent intact, control animals. The dotted lines designate the minimum 
and maximum variations for the control rats. 

centration of the plasma albumin is decreased within twenty -four hours after 
partial hepatectomy, and that it tended to remain low until after the eighteenth 
day. Similarb’-, values for total protein Avere depressed Avithin twent37-four 
hours, but returned to the control range on the fifth day. From the present 
observations, it Avould appear that the plasma volume and the total blood volume 
ma.v return to control levels even though the plasma albumin concentration 
remains dejjressed. 

SUMMARY 

Plasma, red cell and total blood A^olumes were determined in partially hepatec- 
tomized rats, at frequent inteivals after operation. During the first forty-eight 
hours each of these was decreased markedly. The plasma volume reached the 
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control level on the seventh daj’' after operation; total blood volume on the 
ninth day; and the majority of red cell volume determinations were within the 
control range on the seventh day. 
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In a previous report Thomas and Crider (1939) called attention to the fact 
that various products of protein digestion, including some of the amino acids, 
cause inhibition of gastric peristalsis when placed in the small intestine. Some 
details regarding the action of the amino acids were reported separately (Thomas, 
1939) and a further study was promised. Up to the present sixteen amino acids 
and some amino acid mixtures have been investigated on ten dogs. 

Methods. The arrangements for recording gastric (antral) peristalsis in dogs 
provided mth permanent gastric and duodenal fistulas, and for injecting test 
solutions into the small intestine were described in the communications just 
mentioned. As in the previous study, experiments were performed both before 
and after feeding and mth continuous drainage of the first part of the duodenum 
to prevent contamination of the injected material. The results were qualita- 
tively the same whether the stomach was full or empty but the responses of the 
full stomach to inhibitory stimuli were less pronounced and of shorter duration 
than those of the empty stomach. 

The amino acids were obtained from various commerical sources and were of 
different degrees of purity but enough pure preparations were available to prove 
that the results were not noticeably affected by the impurities encountered. 
With a few exceptions amino acids were administered in 2 per cent solution. 
This concentration was selected as a satisfactory compromise between the re- 
quirements of isotonicity on the one hand, and the need for a unif orm concentra- 
tion for purposes of comparison, on the other. The acids of low molecular weight 
are hypertonic in 2 per cent solution but since they had little effect anyway no 
error was introduced. Those acids that are not soluble to the extent of 2 per 
cent were either prepared in supersaturated solution with the aid of heat or used 
in lower concentration, with the exception of tj^rosine and cystine which w^ere 
suspended in normal saline. 

Usually 20 cc. of the preparation were injected into the lumen of the intestine 
to deteimine the effect on gastric peristalsis. Howevei', larger amounts were 
used when relatively inactive material or a resistant animal was encountered. 

Results. The monoavvino-monocarhoxy acids. All the members of this rel- 
atively large group of amino acids caused some degree of gastric inhibition when 
injected into the small intestine in neutral solution. However, the effect was so 
slight with some of them, e.g., glycine and serine, that it could be demonstrated 
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onl,y under the most favorable conditions and can, therefore, have little physio- 
logical significance. 

In general the inhibitory effect was greater the greater the molecular weight of 
the amino acid used. Particular attention was, therefore, given to the amino 
acids of the leucine series in which the molecular weights are identical. Leucine 
and norleucine were about equallj’^ effective. Isoleucine was less active and often 
failed to cause gasti'ic inhibition. Norleucine frequentlj’^ had a peculiar diphasic 
effect consisting of prompt primary inhibition followed by partial recovery and 
secondarj’- inlribition reaching its maximum about five minutes after injection. 

The amino acids having the most pronounced inhibitory effect were the 
aromatic acids, phenjdalanine, t 3 '-rosine and tryptophane. Tryptophane in 
particular caused pronounced and prolonged gastric inhibition even in 1 per cent 
solution (fig. 1, upper graph) . Tyrosine caitsed good inhibition when injected in 
suspension in 0.9 per cent sodium chloride. Since the solubility of tyrosine in 
cold water is onlj’" about 0.04 per cent, it is evidentlj"- a fairly potent inhibitory 
agent. Dorrbtless it is somewhat more soluble in the intestinal jirices. 

Follovdng is a list of all the amino acids in this series with their molecular 
weights, which have been inr^estigated, arranged in the order of increasing gastro- 
inhibitorj’- action; 


Amino Acid 

,Uof. 117. 

Amino Acid 

Mol. m. 

Glycine 

75.05 

Leucine 

131.11 

Serine 

105.06 

Norleucine 

131.11 

Alanine 

89.06 

Phenylalanine 

165.09 

A’' aline 

117.09 

Tyrosine 

181.09 

Isoleucine 

131.11 

Tryptophane 

204.11 


The monoamino dicarboxy acids. The gastro-inhibitor}’- activity of glutamic 
and aspartic acids was, apparentty, governed b}’’ the pH of the solution in which 
thej’- were administered. When injected as free acids (pH 3.2-2.9) they caused 
more complete and prolonged gastric inhibition than anj'^ of the other amino 
acids used except tryptophane and, possibljq phenjdalanine. A^Tlen the pH Avas 
progressh’^elj’’ increased bj^ addition of increasing amounts of NaOH, their in- 
hibitory effect was progressivelj'" diminished; it was still easily demonstrated 
at pH 4.0 but was practically absent at pH 5.0. At pH 7.0 their solutions had no 
more inhibitorj’- effect than an equal volume of normal saline. 

In the hope of determining Avhether these substances, when effective, were 
acting as amino acids or merelj’" as sources of hydrogen ions, their effect on gastric 
motility Avas compared A\dth that of isotonic phosphate buffers and lactate buffers 
at A^arious pH leA’-els. The phosphates caused no gastric inhibition above pH 
3.0; the lactates, on the other hand behaved like the salts of aspartic or glutamic 
acid although their action aa'rs AA'eaker. 

One peculiar observation which A\'as repeated seA^eral times suggests that the 
inhibitorj' effect of these acids as aa'cII as that exhibited in less degree bj^ the 
diamino acids (see folloAAdng section) niaj’’ haA'e been due to an excess of hj'drogen 
or hj'droxjd ions respectNelj'. A solution of free glutamic acid at pH 3.2 aa'rs 
added to a mixture of diamino acids in solution at pH 9.5 until the resulting mix- 
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ture had a pH of 7.0. The neutral mixture Avas Avithout effect on gastric mo- 
tilit 3 '^ although the original acid and alkaline solutions both caused inhibition. 

Ibwe Avish to assume that the gastro-inhibitoiy effect of the dicarboxj'- amino 
acids and other organic acids is due to hj'^drogen ions the fact that thej’’ are effec- 
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Fig. 1. Upper graph: Effect on gastric peristalsis of injecting 20 cc. of 1 per cent trypto- 
phane solution at pH 5.9 into the duodenum. 

Lower record: Negative results with 2 injections of 20 cc. each of 2 per cent lysine HCl 
at pH 6.0. One injection preceded and the other followed an injection of 20 cc. 2 per cent 
leucine at the same pH, used for comparison. 

The records were made with a water manometer. Time is in ten second intervals. 

tive at pH leA^els at tvhich inorganic acids fail to act ma}^ be explained b}^ the 
superior buffering efficiency of the organic acids and their salts. This possibility 
has been discussed previously in connection Aidth a different problem (Thomas 
and Crider, 1940). 
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The cUamino acids. Arginine HCl and Ij'-sine liCl (fig. 1, lower graph) were 
studied; also a mixture of diamino acids, presumably including histidine, pre- 
cipitated from an acid casein digest means of phosphotungstic acid. All 
these preparations behaA^ed in a parallel manner. When carefullj^ neutralized 
they had little or no inhibitory effect on gastric peristalsis. The free ‘‘acids” 
(pH 9.0 -f) caused some inhibition and in some instances slight nausea. Ar- 
ginine HCl, which is strongly acid in reaction, also caused slight gastric inhibition. 
There was nothing in the results to suggest that these substances contribute in 
anjr substantial degree to the gastric inhibition caused by neutral amino acid 
mixtures. 

Other amino acids. C.ystine caused no gastric inhibition. This is not sur- 
prising in view of its almost complete insolubilit 5 f in water. Efforts to prepare 
supersaturated solutions by quick neutralization of alkaline solutions Avere onl}’’ 
partlj'^ successful and failed to jdeld eAudence of an inhibitorj’^ action. Proline 
and h 3 fdrox.yproline regularly caused moderate gastric inhibition, corresponding 
approximatel.y to that caused b 3 " alanine. 

Optical activity. Most of the amino acids used AA'^ere racemic. Exceptions 
AA^ere Meucine, Z-t3''rosine, Z-C3rstine, Z-tr3''ptophane, ^aspartic acid and the glu- 
tamic acid, some of AA'^hich AA^as marked “Z” and some “d.” It is not clear AAfiiether 
the latter Avere actuall 3 r different in optical activit 3 ’’ or Avere merel 3 ^ labeled ac- 
cording to different concepts. Direct comparisons AA^ere not made betAA'^een 
laeAm- and dextrorotatory samples of the same amino acid, and for that reason the 
possibility that optical activit3'’ is a factor in determining the gastro-inhibitor3’- 
effect Avas not excluded. The fact that the inhibitor3^ activit3'^ shoAved a con- 
sistent relation to molecular AA^eight in some instances and to pH in others in spite 
of the haphazard distribution of optical activit 3 '^ suggests, but does not proA'^e, 
that the latter did not influence the results. 

Discussion. In vieAV of the consistent gastro-inhibitor3’' effect of a majorit3'’ 
of the amino acids studied the failure of the dicarbox3'^ and diamino acids to 
cause inhibition in neutral solution is surprising. Taa^o possible explanations are 
suggested. It ma 3 " be that all the amino acids cause gastric inhibition AA’hen in 
the free state, that is, uncombined AA'ith acid or base, but are ineffectAe AAfiien 
combined as the h3Mrochloride or the sodium salt. The acids that are effectAe 
in neutral solution all form solutions that are neai’b^ neutral to begin AAoth and 
onb’- a small part of the total acid need be combined to fully neutralize them. 
The ineffective acids, on the other hand, form strongb’’ acid or alkaline solutions 
and are almost completeb’’ combined Avith base or acid in neutralized solutions. 
The other possibilit3" is that the amino acids that are ineffecth^e in neutral solu- 
tion possess no gastro-inhibitor 3 '^ properties and OAve their effectAeness in the 
free state to the acidit3" or alkalinit3’- of their solutions. The experiments do not 
indicate AA’hich explanation is correct. 

AVhether the gastro-inhibitor3’^ action of the amino acids contributes materialb" 
to the regulation of gastric motilit3’’ under normal circumstances is doubtful. 
An 3 ’ effect the 3 ’ might haA'e AA’ould depend on the attainment of an adequate con- 
centration in the inte.stine. The intestinal contents are generalb" isotonic and 
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they contain, besides products of digestion, other osmotically active substances, 
for example, inorganic electroljdes. The amount of amino acids and other end 
products of digestion which can accumulate ivithout causing hypertonicity must 
be relatively small. Probably they are absorbed about as fast as they are pro- 
duced. For this reason the inhibitoiy effect of the amino acids is probably not 
an indication of any special adaptation of the reacting mechanism to these sub- 
stances as such. It is more likel}’^ incidental to the fact that thej^ exliibit proper- 
ties similar to the more abundant, and therefore more effective, intermediate 
products of protein digestion. Study of the amino acids maj’- enable us to 
identify some of these properties, and in this way to increase our understanding 
of the inhibitory action of the proteoses and peptones. 

SUMMARY 

1. Sixteen amino acids were studied to deteimine whether they caused gastric 
inhibition when placed in the small intestine of unanesthetized, fistula dogs. 

2. Only the monoamino-monocarboxy acids caused gastric inhibition regu- 
larly when administered in neutral solution. The inhibitory effect of these acids 
was roughly proportional to their molecular weights but the erddence indicates 
that it was also influenced b}'^ other factors. 

3. The dicarboxy acids and the diamino acids caused gastric inhibition when 
administered as free acids ivithout neutralization but were ineffective in neutral 
solution. 

4. Experiments designed to determine whether the dicarboxy and diamino 
acids owe their gastro-inhibitorj'- activity to acidity and alkalinity, respectivefy, 
or to their amino acid structure, were inconclusive. 
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Lee and Schaffer observed that young normal rats, when treated with growth 
promoting extracts from the anterior pituitary, gained significantly more weight 
than did untreated littermates, though food intakes were kept idtentical for both 
experimental and control animals (1, 2). From these experiments they con- 
cluded that the pituitary gland promotes growth by causing deposition of tissue 
substance through better utilization of the consumed food, and not only as a 
consequence of an increased food intake. 

Since the growth promoting extracts available at the time were not free of 
pituitary “target organ” hormones, the better utilization of the consumed food 
and the resulting increased growth might have been due to contaminations and 
not to the growth hormone itself. Furtheimore, the very existence of a specific 
growth promoting substance has been questioned (3,4). Therefore, it seemed to 
be highly important to repeat the work of Lee and Schaffer with a growth hor- 
mone preparation free as far as possible of other hormones. This was rendered 
possible through recent advances made in the purification of the growth hormone. 
Preparations can be obtained now which are high in grovdh promoting activit}', 
but, at the same time, practicallj'’ free of “target organ” hormones (5). 

Furthermore, normal rats were used by Lee and Schaffer, so that the observed 
effect might have occurred through an action, direct or indirect, of the extract on 
the animal’s pituitary. Because it seemed important to exclude these possi- 
bilities, the pituitary glands of the test animals were removed in the present work 
previous to the experimental period. The following paper reports the result of 
the injection of a purified growth hormone preparation into h 3 Toph 3 ’sectomized 
rats restricted to the food intake of untreated h 3 ^pophysectomized controls. 

Two experiments were carried out similarly in every respect except for the 
method of feeding. Female immature h 3 qroph 3 ’'sectomized rats were used, 
operated upon at 26 to 28 da 3 '^s of age, after a post-operative period of 11 to 13 
da 3 ’’s. Their average bod 3 ’’ weights were 65 and 69 grams respectivel 3 ^ at onset 
of the injection period. The animals were divided in 2 groups, one receiving 

' Aided bj' grants from the Research Board of the Universitj’’ of California and from the 
National Research Council Committee on Research in Endocrinol ogj'. Assistance was 
rendered bj* the Works Projects Administration — Official Project No. G5-1-OS-G2, Unit A-5. 
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daily intraperitoneal iniections of a giwvth hormone solution, the other saline as 
control. The growth hormone preparations used were C 3 ^steine-treated globulin 
fractions (5, 6), containing approximately 25 and 50 growth hormone units per 
milligram (7), respective^, when standardized in hypophj'^sectomized rats (10 
daj’' test). Thej’" were found practicallj'' free of other “contaminating” pituitary 
(“target organ”) hormones when assajmd at relatively high levels: Lactogenic 
hormone was not demonstrable at a total dose of 20 mgm. in month old pigeons 
(systemic crop test, daily subcutaneous injections for 4 days). The follicle- 
stimulating, interstitial-cell-stimulating and adrenocorticotropic hormones were 
not demonstrable at total doses of 4.0 and 4.5 mgm., respectively, in hypophy- 
sectomized rats (4 and 10 day tests, based on histological evidence for repair of 
ovaries and adrenals) . At levels of 5 .0 and 10.0 mgm . , respectively, thyrotropic 
hormone was not demonstrable in month old squabs (4 day test based on his- 
tological evidence for repair of thyroids). Furthermore, in the hypophj’-secto- 
mized rat, a more sensitive test object, thyroid stimulation was evident neither 
at the histological examination of the thyroids in experiment II of the present 
series, nor in another assay of the same growth hormone preparation at a higher 
dose level (4.5 mgm., 10 day test) . In experiment I the smallest amount of his- 
tologically detectable thyroid response occurred. This represents an extremel}’- 
small contamination of the growth hormone preparation with thyrotropic 
hormone, approximately one per cent by weight, a quantity of thyrotropic 
hormone which is far below the amount necessarj'' for functional thj’roid stim- 
ulation. 

The food consumption was controlled so that, in each case, the food intake of 
hormone-treated and control rats was identical during the experimental period. 
In experiment I a measured amount of food was given twice dailj’- by stomach 
tube and, in addition, a measured amount over night in the food cups. In the 
second experiment Mitchell’s paired feeding method was employed (8). The 
control animals were permitted to eat ad libitum, and the average food consump- 
tion was determined for each day. The treatment of the experimental rats was 
started 2 days later, these animals receiving on each day the same amount of food 
as determined for the controls 2 daj^s earlier. All rats were kept in single cages. 
A modification of McCollum’s “diet I” was given. In order to permit passage of 
the diet through the narrow catheter tubing used as stomach tube, whole wheat 
was substituted by wheat flour, and this modified diet was fortified by a vitamin 
B concentrate." 

The resultant body weights (table 1) indicate that there was, in spite of an 
identical food intake, a remarkable increase in body weight in the hormone- 
treated rats, as against practical growth stasis in the control groups. It is 
obvious that in these experiments the groudh-promoting action of the hormone 
cannot be ascribed to increased food intake. The resulting deposition of tissue 

substance must therefore be considered as a consequence of a better utilization of 
the food eaten. 


- Composition of McCollum’s “diet I,” modified; Casein, 20 per cent: white flour 52 5 
per cent; whole milk powder, 10 per cent; calcium carbonate, 1.5 per cent; sodium chloride 
1 per cent; vitamin B concentrate (“Galen B”), 10 per cent; butter, o per cent. 
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In order to investigate -whether purified growth hormone has anj' effect on 
organ weights, autopsies were performed on all rats at termination of the in- 
jection period.® The results of both experiments are summarized in table 2. 
All organs were found heavier in the gi-oup of rats treated with grovffh hormone. 

TABLE 1 


Effect of •pituitary growth hormone on body weight of hypophysectomized rats restricted 

to food intake of untreated controls 
Duration of experiments; 10 days 


EXPERIMENT 

NUMBER AND GROUP 

TOTAL DOSE PER RAT 

AVERAGE BODY WEIGHT GAIN 

NUMBER 

OF RATS 

Grams* 

Per cent of body 
weight 



mgm . ■ 

\ 


I 

8 injected 

2.4 i 

16 

(10 to 20) 

25 

i 

9 controls 

0 

2 

(-2 to 6) 

3 

II 

9 injected 

2.5 

15 

(13 to 17) 

23 


10 controls 

0 

0 

(-4 to 7) 

0 


* Figures in brackets indicate the range of body weight gains. 


TABLE 2 


Effect of pituitary growth hormone on organ weights of hypophysectomized rats restricted 

to food intake of untreated controls 

Summary of two experiments; duration: 10 and 11 days, respectively 


NUMBER AND GROUP OF RATS 

OVA- 

RIES 

ADRE- 

NALS 

THY- 

ROIDS 

THYMUS 

SPLEEN 

CLN* 

LIVER 

KID- 

NEYS 

STOXI- 

ACH 

INTES- 

TINE 

Organ weights in milligrams 


9.9 

10.8 

9.G 

249 

302 

102 

3,260 

2,290 

SH 

613 

3,980 

3,090 

19 controls 

8.0 

8.0 

6.2 

134 

194 

93 

664 

474 


Organ weights as per cent of body weight 




0.0133 

mjBH 



0.125 

4.04 

1.009 

jjflU 

19 controls 

0.0116 

0.0116 

BSl 

.0.196 

0.280 

0.127 

4.34 

0.966 



• Cervical lymph nodes: One experiment only; 8 injected and 7 control rats. 


However, the organs did not all grow at the same rate as the whole body. Since 
the difference in bodj'^ weight between experimental and control rats at time of 
autopsy was almost 25 per cent, the values were also expressed in per cent of body 

^ Ovaries, adrenals and thyroids were examined histologicalb', in order to check the 
purity of the growth hormone preparations used. 
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weight (table 2) . In all instances where the differences between these percentage 
values for experimentals and controls (D) exceeded 6 per cent, standard errors 
(Sd) were calculated for those differences (table 3). A difference was considered 
statistically significant when the value D/Sd > 3 (9). 

TABLE 3 

Effect of pituitary growth hormone on organ weights of hypophysectomizcd rats restricted 

to food intake of untreated controls 

Statistical significance of difference between organ weights of injected and of control 
rats, expressed in per cent of body weight 



ADRENALS 

THYROIDS 

THYMES 

SPLEEN 

LIVER ' 

1 

STOMACH ' 

INTESTINE 

Difference (D) 

0.0017 

0.0029 

0.111 

0.096 

0.30 

0.066 

0.43 

Standard error (Sn) 

0.0010 

0.0009 

0.016 

0.036 

0.13 

0.034 

0.14 

D/Sd 

1.7 

3.2 

6.9 

2.7 

2.3 

1.9 

3.1 . 


It is obvious that, through the action of the growTh hormone, the thymus was 
increased proportionately more than an 3 '’ other organ and more than the bodj’- as a 
whole. This may indicate a specific thymotropic effect of the growth hormone 
preparation employed. This effect is the more remarkable since it has been 
shown that the thymus is not required for the growth of normal animals nor for 
the body weight response of either nonnal or hypophysectomized animals to ad- 
ministered growth hormone (10). The other organs, as far as studied, grew ap- 
proximately at the same rate as the whole body (ovaries, kidne 3 ^s, ceia'ical lymph 
nodes), or at a slightly higher rate. The values for the difference, however, were 
statistically significant only for thyroids and intestine, not significant for adre- 
nals, spleen and stomach. The only organ that showed a decrease in weight (ex- 
pressed as per cent of body weight), though not statistically significant, Avas the 
liver. This trend is in agreement with recent observations (11). 


SUMMARY 

MTien caie was taken to secure an identical food intake, hypoph3'sectomized 
rats treated with a purified growth hormone preparation from the anterior 
pituitary pined significantly more weight than their untreated controls. This 
w ould indicate that the groivth hormone caused increased deposition of tissue 
substance, not as a consequence of increased food intake, but through better 
utilization of the consumed food. 

All interiwl organs examined ivere heavier in the groups treated with growTli 
hormone. They grew only approximately at the same rate as did the body as a 
wliole, WTth exception of the thsmius, which grew considerably faster. 
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The motor responses of the gastro-intestinal tract to stimuli arising from altera- 
tions of pressure -within it are modulated long visceral reflexes. Distention 
of a jejunal segment in the form of a Thiry fistula in unanesthetized dogs results 
in inhibition of gastric tonus and motility (6) . Acute experiments on chloralosed 
dogs have shown that distention of the intestine results in immediate inhibition 
of other segments of intestine having no intrinsic connections -with the distended 
segment (2). In similar experiments (7) it was found that the stomach showed 
decreased tonus and motility as a result of intestinal distention. These so-called 
intestino-gastric and intestino-intestinal inhibitory reflexes were, according to 
Morin and Vial (8), abolished by bilateral splanchnicotomy; but they were not 
noticeably affected by bilateral vagotomj^ Therefore, it was concluded that 
the reflexes were mediated entirely through the splanchnic nerves. However, 
Lalich et al. (6) found that the intestino-gastric inhibitor^’- reflex in unanes- 
thetized dogs may be mediated by either sympathetic or vagal pathways. It 
is possible that the anesthetic drag used in the experiments of Alorin and Vial 
(8) may have interfered with a vagal intestino-gastric inhibitory reflex. Alore- 
over, failure to obtain the reflex after one set of pathways is destro 3 'ed does not 
preclude the possibility that the other set of nerves contains one limb of the 
reflex arc. 

In confimation of the earlier studies on anesthetized dogs (2), Youmans, 
Meek and Herrin (14) found that distention of either of two intestinal segments 
in the form of Thirj'- fistulae in unanesthetized dogs results in immediate nervous 
inhibition of the other segment. The present study is concerned vith the 
investigation of the r61e of vagal, sj'^mpathetic, and pre-aortic nervous pathways 
in the intestino-intestinal inhibitorj'- reflex in unanesthetized dogs. Attention 
has also been given to the effect of the various denervations on the pain response 
to distention. 

hlETHODs. Nine dogs were prepared each ha^dng two Thiry fistulae made 
from adjacent segments of the upper jejunum. After determining for each dog, 
b}' recoi ding methods identical to those previouslj’’ described (14), that inhibition 
of one segment of intestine could be obtained by distention of the other segment 
the dogs were subjected to aseptic operations as follows. Three dogs were bi- 
laterally vagotomized at the level of the lower esophagus, and a fourth was bi- 

* Aided by a grant from the John and Alary R. Alarkle Foundation. 
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laterally A^agotomized in the mid-cei'Adcal region. The siDlanchnic nerves Avere 
cut, and the lumbar sj'^mpathetic chains AA^ere remoA'-ed from the other fiA'^e dogs. 
Some details concerning the methods used in the latter operations are described 
under section II of the results. After recovery from the operations the effect 
of distention of one segment on the motility of the other segment Avas determined 
again in each dog. The local response to distention Avas also determined in 
segments haAung onl3’^ A’^agal or onty S3'^mpathetic innervation for comparison 
AA-ith the local responses to distention in completel3’’ denei’A'-ated and in normal 
segments (10). 

Restjlts. The obserA'^ations described under sections I through III beloAv 
are based on oA'er one hundred separate distentions in the nine dogs. The effect 
of distention of one intestinal segment on the motilit3’- of another segment AA'hen 
both sets of extrinsic nerves are intact has been described (14). The immediate 
and, usualh’, complete inhibition of the undistended segment AA'hich is obtained 
under these conditions AAdll, folloAAdng the practice of Morin and Vial (7), be 
called the intestino-intestinal inhibitory reflex. Procedures -AAdiich abolish this 
reflex do not necessarity prevent the appearance of dela 3 ’^ed inhibitor 3 ’- effects as 
a result of prolonged intestinal distention. HoAvever, these latter effects are 
on a chemical or humoral basis and are not under consideration in this stud 3 ^ 

I. Effect of vagotomy on the intestino-intestinal inhibitory reflex. Each of the 
four bilaterall3’ A'^agotomized dogs shoAA’ed inhibition of either intestinal segment 
during distention of the other segment. The sensitiAdt 3 ’- Avas undiminished 
b 3 ’’ the A’-agotom 3 '’, and the onset of the inlribition aa'rs just as rapid as before. 
Figure 1 illustrates the effects of distention in one of these vagotomized animals. 
This figure also illustrates that the time required for the reflex ma 3 ’- be less than 
the inteiYal from the end of one rh 3 '-thmic contraction until the beginning of the 
next. This result indicates that the inliibitoiy effects of distention ma 3 ^ be 
mediated from one loop to the other AAdthin as httle as 2| seconds. The A'-agoto- 
mized animals also sIioaa^ aAA'areness of the onset and duration of the distention. 

II. Effect of abdominal symyatheclomy on the intestino-intestinal inhibitory 
reflex. The method of S 3 Tnpathectomy emplo 3 '^ed resulted in complete decen- 
tralization of the coeliac ganglia and other pre-aortic ganglia, but the connections 
of each of the Tliir 3 ’' fistulae AAdth these ganglia AA^ere intact. The vagi AA^ere 
also intact. 

The first three animals AA’ere abdominally S3mpathectomized as folloAA'S. A 
hemostat Avas clamped on the major splanchnic nerA'-e of the nembutalized dog 
being giA’en artificial respiration; the neiYe AA-as sectioned peripheral to the point 
of clamping and Avas folloAA'ed up under the crus of the diaphragm to its loAA’er- 
most connection AAith the S3Tnpathetic chain; the chain AA’as cut aboA^e this point 
and Avas loosened from this point on doAATi into the lumbar region as far as possible 
and pulled out. After one to tAA’o AA'eeks this operation Avas repeated on the 
other side. Abdominal S 3 'mpathectom 3 ’’ b 3 ' this method resulted in elimination 
of the intestino-intestinal inliilDitoiy reflex cA'^en though the distention AA'ere more 
seA'ere than that used to elicit complete inlribition in the same animal before the 
operation. This result is illustrated in figure 2. These animals AA-ere unaAvare 
of the time or degree of the distention. 




Fig. 1. The intestino-intestinal inhibitory reflex in a vagotomized unanesthetized dog. 
From above downward there is illustrated 1, balloon-mercury manometer record of motility 
of a segment of intestine in the form of a Thiry fistula; 2, zero pressure level; 3, motility of a 
second intestinal segment recorded by a second manometer system; 4, zero pressure level; 
5, record of pain response to distention marked by the upstroke, and 6, time in 10 second 
intervals. 

The record on the left shows the effect of introducing 6 cc. of water into the manometer 
sj'stem from which the upper motilitj^ record was taken. The sharp decrease in pressure 
marks the withdrawal of the water. The middle and right-hand records were produced b 3 ’- 
similar procedures, but 8 and 12 cc. respectively were used. 



Fig. 2. Elimination of the intestino-intestinal inhibitory reflex by S 3 TOpathectomy. 
vagi are intact. From above downward the writing points are arranged as in figure 1, 
but the pain responses are not recorded. 

The record on the left, obtained prior to the sympathectomy, illustrates that distention 
of either intestinal segment results in immediate inhibition of the other segment. Right 
and left sided sympathectomies were done two weeks apart, and the record on the right was 
made three weeks after the last sympathectomy. Distention of either segment with a 
pressure of loO mm. Hg failed to cause inhibition in the other segment. 
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Kiintz and Van Buskirk ( 5 ) have recentlj’^ reported that reflex inhibition of 
the intestine is obtained during intestinal distention in nembutalized cats having 
the coeliac ganglia decentralized. They interpret their experiments as indicat- 
ing that reflex connections are made through the decentralized coeliac ganglia. 
The present experiments fail to indicate an3'’ mediation of the intestino-intestinal 
inhibitoiy reflex through the decentralized pre-aortic ganglia and plexuses even 
though no anesthetic drugs have been administered. Moreover, Morin and 
Vial ( 8 ) have reported that onl3'' splanchnicotom3'^ is necessaiy to eliminate the 
intestino-intestinal inhibitoiy reflex in chloralosed dogs, and Lalich, Meek and 
Herrin ( 6 ) observed no intestino-gastric inhibitoiy reflex in unanesthetized dogs 
when the vagi were cut and the coeliac ganglia and plexuses were decentralized 
b3^ splanchnicotomy and removal of the lumbar chains. There are experiments 
which indicate that bilateral splanchnicotom3'' does not alwa3"S result in elimina- 
tion of all of the pathwa3'’s to the central nervous S3’’stem from the intestine in 
vagotomized dogs. Herrin and Meek ( 3 ) found that anorexia developed in 3 
of 5 dogs which were bilateral^'- vagotomized and splanchnicotomized and the 
lumbar chains sectioned; but when the lumbar chains were removed, in addition 
to the other operations, distention produced no s3TOptoms in an3" of six dogs. 
Kuntz and V an Buskirk ( 5 ) obtained the intestino-intestinal inhibitoiy reflex in 
a part of their animals after splanchnicotom3^ It is possible that the reflex 
inhibition observed in these animals was mediated b3’’ ordinaiy reflexes through 
the central nervous S3'-stem b3'- means of connections through the lumbar sym- 
pathetic chains. 

Two dogs were abdominally sympathectomized by a method which left a 
possibility of the minor splanchnic nerves remaining intact. The intestino- 
intestinal inhibitoiy reflex was almost completel3'^ eliminated in one of these 
animals and was somewhat impaired in the other. The animals still showed 
awareness of the distention. Each of these two animals was vagotomized 
without eliminating the pain response or the remaining reflex inhibition. In 
all of the animals studied it was found that elimination of the pain response was 
achieved b3’’ the same operations that eliminated the inhibitoiy reflex. Such, 
of course, would not be the case if the reflex were mediated through the decen- 
tralized coeliac plexus. It is apparent from these experiments that complete 
.S 3 mipathetic denervation of the intestine can not be assumed if the animal shows 
a pain response to intestinal distention. 

The results of the experiments described indicate that onty the .S3’^mpathetic 
diiflsion of the autonomic S3"stem contains both afferent and efferent pathwa3"s 
for the intestino-intestinal inhibitoiy reflex. The vagus does not contain both 
limbs of the reflex, but the conditions of the experiment do not tost whether it 
contains one or the other alone. The results reported b3^ Lalich, Meek and 
Herrin (6) indicate that the intestinal I’agus contains afferent fibers that are 
activated b3" intestinal distention, since the intestino-gastric reflex remained 
after splanchnicotom3' and removal of lumbar S3"mpathetic chains. These 
latter facts suggest that distention of the intestine fails to cause reflex inhibition 
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of the intestine in the sympathectomized animals because of lack of an efferent 

inhibitory patlway in the intestinal vagus. 

III. Effect of vagotomy and of sympathectomy on the motor responses of the 
intestine at the site of distention. Sudden filling of an intestinal segment having 
both vagal and sympathetic pathways cut in the mesenteric pedicle evokes a 
contractile response of the intestine resulting in pressure considerably higher 
than that produced passive^ by the introduction of the water (10). Such 
responses do not occur in the innervated intestine when the pressure produced 
passively is sufficient to evoke the intestino-intestinal inhibitory reflex. This 
result has been interpreted as meaning that distention has a direct stimulatoiy 
effect on the smooth muscle at the site of distention, but this stimulatory effect 
is more than counteracted by the long inhibitory refle.x. Additional evidence 
is presented beloAv that the site of distention is under reflex inhibitor}^ influences; 
and, in accordance with the facts pi’esented in sections I and II, sympathetic 
denervation alone but not vagotomy alone, unmasks the direct stimulatory 
effect of distention on intestinal motility. 

Mild pressure in the intact dog intestine has a stimulatory effect on intestinal 
motility (1). The pressure required to elicit the intestino-intestinal inhibitory 
reflex is relatively severe, ranging from 35 to 100 mm. Hg, even when the sensitiv- 
ity of the reflex is not depressed by anesthetizing drugs. Ilffien the pressure is 
sufficient to produce reflex amotility of an undistended segment the distended 
loop also ceases its motility in animals having the .sj'mpathetic pathwaj'^s intact. 
Figure 1, made from a vagotomized dog, but also typical for animals having all 
nerve pathwa 5 As intact, illustrates that introduction of 6 cc. of Avater into the 
balloon-manometer sj\stem failed to cause inhibition of either the distended or 
undistended segment. HoAvever, after a latent period of several seconds the 
animal shoAved a pain response. Introduction of 8 cc. of Avater, illustrated in 
the middle record, I'esulted in partial inhibition of both segments and in an im- 
mediate pain response. Introduction of 12 cc. of Avater resulted in complete 
inhibition of both segments, and the inhibition gradually died aAvay after remoAml 
of the distention. The passively produced pressure falls off rapidly in the dis- 
tended segment. The failure of the distended segment to contract in response 
to the stretch stimulus is not attributable to insufficient poAver on the part 
of the smooth muscle, since the denervated intestine can acttyety produce 
pressures 50 to 100 per cent greater. The immediate inhibition of the distended 
intestine is attributable to the intestino-intestinal inhibitory reflex, but local 
inhibitory influences also develop (14) Avhen the distention is maintained. The 
pei-sistence of inhibition in the undistended segment after remoAml of the dis- 
tention of the other segment may be explained possibly by persistence of nervous 
activity after remoA^al of the distention or by the gradual destruction of the 
chemical mediator at the neuro-effector junction. The post-distention inhibi- 
tion in the segment having been distended is the result in part of the same causes 
as the coinciding inhibition in the non-distended segment, but other local factors 
are niAmlA^ed since the inhibition is still present in denervated segments (illus- 
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trated in fig. 2 on the right), and it is commonl.y more prolonged than the inhibi- 
tion of the undistended segment. Since the pressures used in the deneiYated 
segments are sufficient^ great to completelj'" block blood floAv through the intes- 
tinal AA’all for the duration of the distention, it is likel.y that ischemia is a factor 
in the production of the post-distention inhibition. 

The intestine of an abdominally (pre-ganglionicalljO S 3 ^mpathectomized animal 
responds locall.A^ to distention in the same manner as an intestinal segment that 
has been completel}'- denei'Amted in the mesenteiy, AA'hile the intestine of a 
Amgotomized animal resi^onds as a normallj'’ innei’Amted segment. The tAA^o 

t 

t 



Fig. 3. Elimination of the local intestino-intestinal inhibitory reflex by sj’^mpathectomy. 

The record on the left illustrates the rapid falling off of pressure and the cessation of 
contractions that occurs in a normally innervated segment of intestine following the pres- 
sure produced by rapid introduction of water into a sidearm of the manometer system. 
The same result is obtained when only sympathetic pathways are intact (as illustrated in 
fig. 1, center and right-hand records). 

The record on the right shows the stimulatoiy effects of a similar pressure when the 
sympathetic pathways to the segment have been preganglionicallj' interrupted. The same 
result is obtained when all of the nerves in the mesenteric pedicle supplying the segment 
are cut. 

tA'pes of response are illustrated in figure 3. These facts are in accord Atfith the 
folloAA-ing conclusions concerning the intestino-intestinal inhibitoiy refle.x. 1- 
Onlj^ the SAmipathetic diAusion of the autonomic nerA^ous S3^stem contains both 
afferent and efferent pathAva 3 ’^s for the reflex. 2. The site of the distention, as 
Avell as the intestine for some distance aboA'e and IreloAv the distention, is inAmh^ed. 
3. The reflex is not mediated through the decentralized jrlexus either as an 
ordinaiy reflex or as an axon reflex. 

IV. “Spontarjcous” development of high pressure in the sympathetically dcncr- 
vated intestine. If the intestine is subjected to a humoral or chemical inhibitoiy 
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influence and a force is being exerted from ivitlun the mtestinal lumen, distentio ^ 
of the intestine will result even though the force be slight. Wien the min ntoij 
influence quickly disappears the distended intestine is free to respond to tbe 
local stretch stimulus. This response, if it tends to be excessive, is damped by 
the intestino-intestinal inhibitory reflex when the sympathetic nervous pathways 
are intact; othenwse the pressure developed may be quite high. Sympathe ic 
denervation, in addition to eliminating reflex control of intestinal pressure, 
sensitizes the intestine to the humoral products of the sympatho-adrenal system 
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Fig.. 4. “Spontaneous” development of pressures of 130 to 150 mm. Hg in the si’mpa- 
thetically denervated intestine. 

The upper record is made from a segment having the nerves in the mesenteric pedicle 
cut, and the lower record is taken simultaneously from a segment having only its sympa- 
thetic pathways intact. Time in 10 second intervals. Further discussion in text. 

(9) . The sensitization is, liotvever, greater after postganglionic sympathectomy 
than after preganglionic sympathectomy (12). Blood levels of adrenalin and 
sympathin sufficient to inhibit the sensitized intestine are attained in unanes- 
thetized dogs during psychic dtsturbances and during widespread reflex activa- 
tion of adrenergic nerves or reflex activation of the adrenal medulla (11) (12). 
The denervated inte.stine becomes distended during the brief time that it is 
humorally inhibited, and it responds excessively to the distention wiien the 
inhibitory influence is quickly removed; Figure 4 illustrates the sudden develop- 
ment of pressures of 130 to 150 mm. Hg following "spontaneous” periods of 
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inllibition in an extrinsical^ denervated segment of intestine. Local inhibitoiy 
influences apparent!}' develop as a result of the high iDressure. None of these 
irregidarities are present in the record made simultaneously from another loop 
of intestine having only its sympathetic pathwa 3 ^s intact. Similar e.xcessive 
pressures are frequently induced in the denervated intestine follovdng the dis- 
tention of it which results from intravenous injection of an inhibitory compound. 
Figure 5 illustrates this latter type of response. 

The irregularity of motiUty of the intestine observed after postganghonic 
sympathectomy is largely understandable on the basis of sensitization of the 
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Fig. 5. Development of pressure of 160 mm. Hg in a sympathetically denervated in- 
testinal segment following a period of inhibition produced by intravenous injecticn of i 
of a unit of pitressin. Vagi are intact. Time in 10 second intervals. Further discussion 
in te.xt. 


intestine and elimination of the intestino-intestinal inhibitory reflex. Once high 
pressures develop the local inhibitory influences which are associated vith ex- 
cessive pressure in the intestine contribute to the continuance of the irregularity. 
Ischemia is probably an important factor in the local production of inhibition 
by high pressures. 


SUMMARY AND CONCLUSIONS 

The relation of vagal and of sympathetic nervous pathways to the effects of 
intestinal distention on intestinal motility has been studied by the use of un- 
anesthetized dogs each having two high jejunal fistulae. 
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The immediate nervous inliibition of one segment of intestine following the 
sudden production of a pressure of 40 or more mm. Hg in the other segment, 
referred to as the intestino-intestinal inlribitoiy reflex, is abolished by sjmr- 
pathectomy alone. The reflex is not noticeablj'' altered by vagotomy. There- 
fore, onh^ the sympathetic nervous system contains both afferent and efferent 
pathways for the reflex. 

The intestino-intestinal inlribitoiy reflex is not mediated through the decen- 
tralized coeliac ganglia or through other pre-aortic ganglia in unanesthetized 
dogs even though all the nervous connections between these ganglia and the 
intestine be intact. 

A powerful contractile response ma}’- be induced b5’- sudden distention of the 
S3mrpatheticall3' denervated intestine whether the vagi be intact or not. This 
tr^pe of motor response is not present in the normal intestine because the in- 
testino-intestinal inhibitoiy reflex involves the site of the distention as well as 
the undistended intestine above and below the distention. 

The irregidarity of the motilitj^ of the aj'-mpatheticallj'' denervated intestine 
is understandable largety on the basis of hj^persensitirdty to the inliibitorj'' 
action of adrenahn and sympathin, ehmination of the intestino-intestinal in- 
hibitory reflex, and the development of local inhibitor}’- influences as a result of 
high intra-luminal pressure. 

The regulation of intestinal motilitj’- bj'- its extrinsic nerves consists, in part, 
of reflex inliibition of the intestine as a result of stimuli arising from excessivel}^ 
strong intestinal contractions. One function of this reflex is that it helps to 
keep the pressure within the intestine below the level which blocks blood flow 
through the vessels of the intestinal wall. 
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The experiments reported here -were instigated by observations made on 
decerebrate cats in which the effects of galvanic stimulation of the lab 3 a-inth 
were studied; 41 cats were used in this investigation. In decerebrate cats 
bilateral section of the eighth nerves reversed the direction of the rotation of 
the head about the oro-occipital axis produced by direct current stimulus vdth 
the anode in the one and the cathode in the other external auditory meatus. 
Before the section of the eighth nerves this rotation was directed to the anode, 
as is regarded typical for galvanic stimulation of the labjTinth, while it was 
directed to the cathode after these neiwes had been severed (threshold on good 
preparations 3-6 milliamperes) . This rotation to the cathode was sometimes 
associated mth a turning of the head about the dorsoventral axis to the opposite 
shoulder (particular^ if strong currents were employed — up to 10 milliamperes). 
A similar reversal of direction of rotation following the section of the eighth 
nerve was observed when the stimulation (-with direct current, rectangular 
alternating current, or faradic current) was performed by a bipolar electrode of 
the concentric needle type placed into the round window on the promontoiy, 
the rotation being directed to the opposite side before, and to the same side 
after, section of the corresponding eighth nerve. Again the rotation to the 
same side sometimes was combined Avith turning of the head to the opposite 
shoulder. One maj'’, perhaps, briefly call the rotation to the anode on stimula- 
tion vdth a current floAving transverseR through the skull, and the rotation to 
the opposite side with a bipolar electrode in the round AAandoAV “contralateral 
cephalogyric reaction” and consider it as due to stimulation of the peripheral 
neuron of the A'estibular nerve (Dohlman, 1929), AARile the rotation to the 
cathode on transA^erse stimulation of the head or to the side of stimulation on 
unilateral bipolar stimulation maj' be called “ipsilateral cephalogAuic reaction”. 
Since this ipsilateral rotation appears after the eighth nei’A'^e has been cut and 
persists also after bilateral lesion of the A-estibular nuclei (see later) it may be 
regarded as non-labjwinthine in origin. 

In some instances the ipsilateral rotation aa'us obserA'^ed with the eighth nerves 
still intact, for instance, if the animal lost much blood during the decerebration 
and the excitabilit}’- of the labjointh AA-as decreased, or if the gah^anic stimulus 
Avas repeatedl}' applied (exliaustion of the labj- rinthine reaction) . Occasionally 
the rotation to the anode appeared on stimulation AA’ith Aveak currents (1-2 milli- 
amperes) and the opposite reaction AA-ith strong currents (4 milliamperes and 
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above, on bipolar stimulation). On bipolar stimulation with a rectangular 
alternating cuiTent the reversal could be obtained in single cases by reducing 
the duration of the single phases, e.g., in cat XX rotation to the opposite side 
appeared mth stimuli above 2.7 msec, and to the same side below 0.9 msec. 
Such a result was, however, not regularl}' obtained, most animals ndth the eighth 
nerve intact reacting onty nith rotation to the opposite side, until a liminal 
duration (0.9-1 .8 msec.) was reached below which no reaction appeared at all. 

After unilateral severance of the eighth nerve on stimulation mth a D.C. flow- 
ing transversely through the skull the most frequent reaction was rotation to 
the anode, if the cathode lay on the side of the intact nerve, and a rotation to 
the cathode, if the latter was on the side of the cut nerve. In one case (XIV) 
a slight rotation to the anode or at least a diminution of the spontaneous rotation 
of the head to the side of the cut eighth nerve could be observed also when the 
cathode was on the side of the nerve section. A similar observation -was trans- 
itorily made in a second case (XXII), which showed, however, on repeated 
examination the first mentioned type of reaction. Occasionally stimulation 
with the cathode on the side of the cut eighth nerve failed to produce a definite 
effect as long as the current was on, while a rotation to the anode appeared on 
interruption of the current (cat XXX). 

In an effort to analyse the mechanism of the ipsilateral rotation, the following 
data could be obtained. The reaction was still present after extirpation of the 
mid-brain vdth the red nucleus, after ablation of the cerebellum, after bilateral 
lesion of the vestibular nuclei by incision on the inner aspect of the corpus 
restiforme. Extirpation of medulla oblongata and pons in animals kept under 
artificial respiration abolished it. Also it could no longer be obtained in de- 
cerebrate cats in whom, in addition to both eighth nerves, the roots of the fifth 
and of the ninth to eleventh were cut bilaterally. The only effects of stimulation 
with strong currents (15 milliamperes) observed in such preparations on the neck 
were bilateral contractions of the muscles in the back of the neck which failed, 
however, to produce definite rotation and resulted only in retraction of the head. 
One may infer that the ipsilateral rotation is not due to a dii’ect stimulation of 
neck muscles or of peripheral nerves and is also not caused b 3 '- reflexes for which 
the spinal cord is sufficient, but that one deals mth a stimulation of the oblongata 
and pons. This may be a direct stimulation of cell groups of the rhomben- 
cephalon by the electric current or a reflex stimulation. 

A direct stimulating action of the current upon the cell groups of the oblongata 
or pons can be excluded for the following reason. It will be shown below that 
the efferent pathway of the ipsilateral rotation takes its way, at least partly, 
over fibers descending to the spinal cord. After the roots of the fifth to eleventh 
nerves had been bilaterally cut, electric stimulation failed to elicit the ipsilateral 
rotation although the efferent pathways to the spinal cord were still present. 
This seems to indicate that one deals mth a reflex mechanism, elicited bj'' afferent 
impulses that enter oblongata and pons. This view is also corroborated by the 
follomng experiences. In decorticated cats with both 8th nerves cut a trans- 
versely flomng current of 2.5 mUliamperes was able to produce ipsilateral 
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rotation while increase of the current up to 15 milliamperes failed to produce 
eye movements. The motor nerves of the ej'eballs were intact in these prepara- 
tions, as was shovTQ by the good contraction of the sphincter of the pupil and its 
reactivity to reflex stimuli. If the current had stimulated the rhombencephalon, 
such stimulation should have reached the vestibular nuclei and their connections 
vdth the eye muscles so that ocular movements had appeared. 

In order to ascertain which afferent fibers are responsible for this reaction, 
two groups of experiments were performed. In the first the 8th and 9th-llth 
roots were cut on both sides ; the ipsilateral rotation could still be elicited, indi- 
cating that afferent impulses conducted bj'^ trigeminal fibers play a part in the 
mediation of this reaction. In the second series of experiments the severance 
of both eighth nerves was combined vdth that of both fifth roots. Also these 
operations did not prevent the appearance of the ipsilateral cephalogjTic reac- 
tion. The rotation of the head could be ascribed in these latter experiments 
either to a reflex stimulation of afferent fibers of the 9th-10th nerves,^ or to a 
direct stimulation of efferent fibers of the 11th nerves. Since cutting all roots 
from the fifth to eleventh abolished the reaction, and it had, therefore, to be 
considered as a reflex, the ipsilateral rotation appearing on electric stimulation 
after section of the 6th and 8th roots is due to reflex stimulation of afferent 9th- 
10th fibers. Thus, stimulation of afferent 5th as well as of afferent 9th-10th 
fibers participates in the ipsilateral cephalogyric reaction. If electrodes are 
placed in the external ears so that an electrical current flows transversely 
through the skull, such a current could stimulate nerve endings in the external 
or middle ear or the roots of the 5th, 9th and 10th nerves within the intracranial 
cavity. Similar possibilities come into question if bipolar electrodes are placed 
on the round vdndow. The effect of bipolar stimulation of the external meatus 
and of the middle ear Avas therefore studied. Faradic stimulation of the external 
auditory meatus in decerebrate cats produced retraction of the head and occa- 
sionally rotatory reactions of irregular direction, but these reactions appeared 
only if strong currents Avere employed (coil distance 6 cm.) and had, therefore, 
to be ascribed to an escape of the current. Stimulation of the mucous mem- 
brane of the bulla ossea and of the tympanic caAoty also failed to produce a 
rotation in decerebrate cats except if the electrodes Avere placed close to the 
adjacent accessoiy nerA'^e so that the nerA^e Avas stimulated bj’’ an escape of the 
current; this latter effect Avas abolished by cutting the 11th nerve. 

Thus, the ipsilateral cephalogjulc reaction appearing on electrical stimulation 
as described is not due to stimulation of branches of the 5th or 9th and 10th 
neiwes in the external or middle ear, but the current apparently stimulates the 
afferent fibers more centralh^ probably AAithin the roots of these nerA^es. Such 
an interpretation is corroborated bj-- experiences on the mechanism of the contra- 
lateral (A'estibular) cephalogjuic reaction. This latter reaction persists after 
destmction of the labjulnth, but is abolished b}' scA’^erance of the 8th neiwes; it 

' The term 9th-10th nerves is here used for the sake of brevity, instead of 9th and/or 
lOtli nerves; a differentiation of the afferent fibers of these t\A’o nerves by separately cutting 
the respective roots was not attempted. 
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should therefore be ascribed to a stimulation of the 8th nerve or its roots re- 
spectively (Spiegel). If one correlates these experiences on the ipsilateral and 
on the contralateral cephalogyric reaction, one maj’' arrive at the following 
conception. If a current flows transvei-sely through the skull between the ears, 
or if it is applied by introducing a bipolar electrode into the inner ear, the current 
is able to stimulate not only the 8th nerve but also the adjacent roots of the 5th 
as well as the 9th-10th nerves. As long as the 8th nerve is excitable the vestibu- 
lar reaction (contralateral rotation) prevails, while the effect upon the neigh- 
boring sensory roots producing reflexly the ipsilateral rotation becomes apparent 
when the 8th nerve is cut or has lost its excitability. 

As for the efferent pathways, the fact that after bilateral severance of the 
8th-llth roots an ipsilateral rotation could still be elicited indicates that afferent 
trigeminal impulses maj’’ induce the reaction by way of fibers descending from 
the rhombencephalon to the spinal cord. A similar efferent mechanism may 
also be used by the impulses entering the brain stem noth the 9th and lOth 
roots. This is indicated by the follouang experience. With the 5th and 8th 
nerves bilaterally cut, the ipsilateral rotation maj'- still be elicited after the 
accessoiy nerves have been severed in the neck; additional transverse section 
of the uppermost cervical segment abolishes the reaction. The accessory nerve, 
however, also carries efferent impulses producing the ipsilateral rotation that is 
elicited bj*^ stimulation of afferent 9th-10th fibers, since the reaction can still 
be observed with the 5th and 8th nerves bilaterally cut and the connection 
between oblongata and spinal cord severed; subsequent section of the accessory 
nerve in the neck abolishes the rotation to the corresponding side. In order 
to ascertain whether the ipsilateral rotation elicited by stimulation of afferent 
trigeminal fibers may be produced by way of efferent impulses along the ac- 
cessor 3 ' nerve,- the 8th nerves were bilaterally cut, then the root of one fifth nerve 
was stimulated (faradic current, bipolar electrode), before and after high trans- 
verse section of the cervical cord. In some experiments the ipsilateral rotation 
could no longer be elicited after section of the cord, in some cases it was present, 
but only if strong currents were employed (coil distance 6 cm.) so that an escape 
of the current to the roots of the accessory nerve could not be precluded. Thus, 
for the ipsilateral rotation produced by stimulation of afferent trigeminal fibers 
an efferent pathway using the accessory nerve could not definitely be established. 

The knowledge of these cephalogyric reactions may, perhaps, contribute to a 
better understanding of the mechanism of some types of torticollis. 

SUMM.\RY 

1 . Bilateral section of the eighth nerves in decerebrate cats reverses the 
direction of the rotation of the head produced by a D.C. that flows transversely 
through the skull; the rotation being directed toward the anode before and 
toward the cathode after section of the 8th nerves. 

2. After unilateral section of the 8th nerve in decerebrate cats usually the 
rotation to the anode is preserved when the cathode Ues on the normal side 
while the rotation to the cathode may appear, if the latter lies on the operated 
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side. On bipolar monaural stimulation one observes rotation to the opposite 
side as long as the 8th nerves are intact, and to the same side after the corre- 
sponding nerve has been cut. 

3. The rotation to the anode on transverse binaural stimulation or to the 
opposite side on bipolar monaural stimulation (contralateral cephalogyric 
reaction) is a vestibular reaction. The rotation to the cathode and to the same 
side respectively (ipsilateral cephalogyric reaction) is due to stimulation of 
afferent fibers in the roots of the 5th and of the 9th-10th nerves respectively; it 
may appear not only if the vestibular nerves are cut but also if their excitability 
is depressed. 

4. The centers of the ipsilateral cephalogjuic reaction he in oblongata and 
pons. The reaction ehcited by stimulation of afferent trigeminal fibers uses 
efferent fibers descending into the spinal cord; an efferent pathway along the 
accessory could not be established with certainty for this part of the reaction. 
For the ipsilateral rotation ehcited by stimulation of afferent 9th-10th fibers 
efferent pathways could be demonstrated using the accessoiy nerve as well as 
fibers descending into the spinal cord. 
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Early investigators of the pharmacology of physostigmine (cf. Langley and 
Kato, 1915) noticed its grossly apparent central excitatory effects. Later in- 
vestigators described changes in reflex activity after injection of eserine and 
acetylcholine (Dikshit, 1934; Schweitzer and Wright, 1937). Changes in the 
electrical excitability of the motor cortex (Miller, 193/; Mclvail, Obrador and 
Wilson, 1941) and in the electrocorticogram (Sjostrand, 1937; Bonnet and 
Bremer, 1937a, b; and Miller, Stavraky and AVoonton, 1940) have been pro- 
duced by local application or injection of the drugs. 

The present study is a further investigation of the changes produced in the 
electrocorticogram of cats by prostigmine and acetylcholine, vith special em- 
phasis on those recorded from somesthetic sensory areas. 

hlETHODS. Cats, anesthetized with nembutal (0.7 cc. per kgm.), were used. 
Bipolar silver wire electrodes with an interpolar distance of 1 mm. were placed 
upon the various cortical areas, and recording was accomplished either by a 
Grass ink-vnlter or a DuBois oscillograph. 

The drugs used were a 1 per cent solution of prostigmine (Roche) ; 1 per cent 
acetylcholine chloride (Merck); 1 per cent stiychnine sulfate; and atropine sul- 
fate (Sharp and Dohme). The first three substances were applied locally to the 
cortex by means of small squares of filter paper saturated vdth the solution and 
placed on the cortex under the electrodes. Strychnine was removed when its 
effects had become apparent, while prostigmine and acetylcholine were applied 
for ten to twenty minutes each. Atropine in solution was injected intravenousty. 

Results. RTen acetylcholine alone was applied to the cortex, no noticeable 
change in the action potentials was observed. 

After application of prostigmine, a series of changes in the cortical potentials 
occurred which may be described as follows. There was at first a depression of 
the spontaneous aethdty. This depression sometimes remained localized in the 
area to which the drug had been applied, but sometimes spread to other cortical 
areas, reducing the spontaneous activity at points remote from the application 
(fig. 1 a and b). Later, spontaneous bursts usualty reappeared in the records. 

Application of acetylcholine to an area previously treated uith prostigmine 
caused further changes in the electrocorticogram. At first, the spontaneous 
bursts were augmented in size, increasing both in voltage and duration. Con- 
comitantly, the indmdual potentials within the burst became larger and sharper 
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in outline, resulting in the appearance of spikes rather than waves. Other spikes 
appeared in the intervals between the bursts until the electrocorticogram con- 
sisted of a continuous series of spikes at a frequencj'^ of 5-10 per second (fig. 1 c). 
Still later, fast (20-30 per sec.) lower voltage potentials also appeared m the 
record (fig. 1 c and d). 

A. Cortical areas in which spikes were induced. Treatment with prostigmine 
and acetylcholine was followed by the series of changes described above, when 
the drugs were applied to the ectosyhdan, posterior sigmoid, and anterior sigmoid 
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Fig. 1. Effects of prostigmine and acetylcholine on the electrocorticogram. 

Records from above downward: 1, sciatic projection. 2, radial projection (Ro of Mar- 
shall, 1941). 3, neighboring radial projection (Rs of Marshall). 4, anterior suprasylvian 
gyrus. Bipolar recording. Paper speed 7.5 mm. per sec. 

A, normal activity. B, after local application of prostigmine under electrode 2 (R 2 of 
Alarshall). C, after subsequent application of acetylcholine. Note 5-10 per sec. spikes 
and fast activitj^ at point of application, and fast activity in suprasylvian gyrus (bottom 
record). D, after section of thalamic radiations. The 5-10 per sec. spikes have been 
abolished, but fast activitj^ remains in both the treated area and the suprasylvian gyrus. 


gj’ri. The electrode placement on these gju’i was such that potentials were 
recorded on the ectosyhdan after auditory stimulation, on the posterior sigmoid 
after radial or sciatic nerve stimulation, and on the anterior sigmoid after brach- 
ium conjunctivum stimulation (cf. Moidson and Dempsey, 1941). Although it 
is well known that the anatomical limits of the gj^i do not correspond to their 
functional divisions, it is convenient throughout the remainder of this paper to 
refer to the ectosjdvian g^Tus as “acoustic” cortex, to the posterior sigmoid as 
“somesthetic” cortex, and to the anterior sigmoid as “motor” cortex. 
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Application of the drugs to the anterior, middle and posterior marginal, or the 
middle suprasylvian gyri never produced either the 5-10 per second spikes or the 
rapid low voltage actmty. Treatment of these latter areas, however, frequently 
increased the size of the potentials in the spontaneous bursts. 

B. Spread of aciiviiy in the cortex. Local application of prostigmine and 
acetylcholine to the somesthetic, motor, or auditory cortex, vdth simultaneous 
recording from other cortical areas, revealed that the 5-10 per second spikes were 
sharply localized to the area treated. The later development of fast low voltage 
waves spread from the treated area to corresponding motor and association areas 
of the same hemisphere, but not to adjacent untreated somesthetic areas nor to 
any regions of the contralateral cortex (figs. Ic, Id and 2b). 








k 




Fig. 2. Comparison of spread of activity after prostigmine-acetylcholine and strychnine 
Records from above downward; 1, left anterior sigmoid gyrus. 2, left sciatic projection. 
3, left radial projection (Rj of Marshall) . 4, right sciatic projection. 5, right radial projec- 
tion (R 2 of Marshall). Bipolar recording. Paper speed 7.5 mm. per sec. 

A, normal activity. B, after application of prostigmine and acetylcholine to left sciatic 
projection. Note presence of fast activity in the homolateral anterior sigmoid gyrus. 
C, after application of strychnine to left sciatic projection. Note presence of “stiychnine 
spikes” in homolateral anterior sigmoid gyrus and in contralateral sciatic projection 
(record 4). 


C. Effects upon production oj sensory cortical potentials. Stimulation of pe- 
ripheral nerves causes the appearance of cortical potentials which are sharply 
localized in the region of the sensory cortex corresponding to the area stimulated 
(Marshall, Woolsey and Bard, 1937; Forbes and Morison, 1939). After local 
treatment of the somesthetic cortex ndth prostigmine and acetylcholine, these 
“primary” responses to peripheral neiwe stimulation could still be induced 
(fig. 8). The potentials resulting from single shocks were either unaffected or 
slightly reduced in size. 

Repetitive stimulation of a nerve revealed that the primary response declined 
somewhat faster than normal as the frequency of stimulation was increased. 
Moreover, on repetitive stimulation a response appeared whose latency was 
longer than that of the normal primary (fig. 3d). This long-latency primary had 
rather slow frequency characteristics, shoving almost complete alternation at 
stimulation frequencies of about 7 per second. 
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Id contrast to the sharp localization of sensory potentials in normal animals, 
stimulation of peripheral nerves after treatment of the corresponding area of the 
somesthetic cortex -with prostigmine and acetylcholine led to the appearance of 
potentials in other areas of the cortex as well. Figure 4a illustrates a potential 
recorded from the motor cortex after treatment of the somesthetic cortex and 
stimulation of the corresponding nerve. However, such treatment apparently 
does not open up paths to all the cortical areas which are known to receive fibers 
from the somesthetic area. Figures 2c and 4 show that while strychninization of 
the somesthetic cortex leads to the appearance, of potentials in both the homo- 
lateral motor and contralateral somesthetic areas, similar appUcation of pro- 
stigmine and acetjdcholine does not alter the activity of the contralateral som- 
esthetic area. 
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Fig. 3. Effects of prostigmine-acet34choline on primary response to peripheral stimula- 
tion. Records from radial projection area (R» of Marshall), stimulus to contralateral 
radial nerve. Time intervals, 10 msec. 

A, normal response. B, response after application of prostigmine. C, response to single 
shock after subsequent application of acetylcholine. D, responses to repetitive stimula- 
tion (about 7 per sec.). Note increased latenc}’- and alternation of response. 

Fig. 4. Comparison of prostigmine-acet 3 ’'lcholine and strychnine effects on spread of 
response to peripheral stimulation. Stimulus to right sciatic nerve, drugs were applied to 
the left sciatic projection. Time intervals, 10 msec. 

A, record from left anterior sigmoid g 3 ^rus after application of prostigmine-acet 3 dchohne 
to homolateral radial projection. B, record from left anterior sigmoid g 3 '’rus after applica- 
tion of str 3 ’chnine to homolateral radial projection. C, record from right sciatic projection 
after application of prostigmine-acet 3 dcholine to left sciatic projection. D, record from 
right sciatic projection after application of str 3 'chnine to left sciatic projection. 

Under light nembutal anesthesia, the primar 3 ’^ sensoiy potential is sometimes 
followed bj’ a train or burst of repetitive responses which, like the primaiy po- 
tential itself, is also sharply localized in the sensor}’- cortex (Morison and Demp- 
se 3 % unpublished data) . This effect became quite striking when prostigmine and 
acetylcholine were applied to the somesthetic cortex. After such ti-eatment, 
the magnitude and duration of this repetitive train of responses were markedly 
increased (fig. 5). 

D. Effects of atropine. Atropine (1 mgm. per kgm., I.V.) abolished the 5-10 
per second spikes occurring in the intervals between bursts, but did not affect the 
spike components of the spontaneous bursts (fig. 6). 

The rapid low voltage activity induced in treated and remote regions was not 
abolished b}’ atropine, nor was the spontaneous activity of the untreated cortex 
affected. The response to peripheral nerve stimulation elicitable from the motor 
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region after treatment of tire corresponding somesthetic cortex witli prostigmine 
and acetylcholine likewise was unaffected by atropinization of the animal. 

E. Effect of section of thalamic radiations. Isolation of the treated cortex 
either by undercutting or by removal of the thalamus abohshed all components 
of the prostigmine-acetylcholine effects except the fast low'^ voltage weaves. The 
latter not only remained in the treated area, but in the motor and association 
cortices as well (fig. Id). 

Discussion. It has recently been shomi that the spontaneous EGG of cats 
under nembutal anesthesia may be dirdded, on the basis of ph 5 ''siological criteria, 
into component parts which can be analyzed separately (Morison and Dempsey, 
1941). The results cited in the preceding sections lend further support to this 
point of view, since it w^as showm that various elements of the activity resulting 
from treatment wdth prostigmine and acetylcholine are differently affected by 

Fig. 5. Increased repetitive response to peripheral stimulation after prostigmine and 
acetylcholine. 

Records from left radial projection, single stimuli signaled by J, to right radial nerve. 
Paper speed, 10 mm. per sec. 

A, normal. B, after application of prostigmine. C, after subsequent application of 
acetylcholine. 
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Fig. 6. Effects of atropine on prostigmine-acet 3 ’-lcholine potentials. Records from 
sciatic projection. Paper speed, 7.5 mm. per sec. 

A, activity after application of prostigmine and acetjdcholine. B, after intravenous 
injection of atropine (1 mgm. per kgm.). Note disappearance of “interval” spikes. 

different expeiimental procedures. For example, section of the thalamic radia- 
tions abolishes all prostigmine-acetylcholine effects except the rapid low voltage 
waves (fig. Id). The latter effect represents, therefore, activity -which is in- 
trinsic in the cortex and does not require the participation of thalamic circuits. 
On the other hand, the activity associated vdth spontaneous bursts and the con- 
tinuous 5-10 per second spikes are abolished by removal of the thalamus (fig. Ic 

and d). Presumably, then, these effects represent activity in thalamo-cortical 
circuits. 

A separation of the total activity into component parts can also be made on 
the basis of the effect of atropine. Atropine abolishes the 6-10 per second 
“interval” spikes but does not affect the augmented bursts (fig. 6), the rapid low 
voltage activity, nor the primaiy response recordable from the motor cortex 
(p. 636). From the standpoint of classical pharmacolog 3 >-, this indicates that 
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both the muscarine and nicotine effects of acetylcholine may be observed in the 
central nervous system. 

Acetjdchohne apparently opens up pathways in the cortex which formerly did 
not respond. This characteristic is demonstrated in figure 4, which shows a 
potential recorded from the motor cortex after treatment of the somesthetic 
cortex and stimulation of a peripheral nerve. The observation that a relative^' 
long latency response appears in the somesthetic cortex during such experiments, 
even though the true primaiy response appears to be more labile than normal 
(fig. 3), reinforces this conclusion. Such spread of activity is comparable to the 
well-knovm “lowering of S 3 '-naptic resistance” induced bj’^ stiychnine. The 
acetylcholine effect is more selective than is that of stiychnine, however, since 
the latter drug also opens up paths to the contralateral cortex while acetylcholine 
does not (figs. 2 and 4). 

The production by prostigmine and acetylcholine of characteristic changes in 
the cortical potentials raises questions of the levels at which their effects occur. 
Since th^ effects are brought about bj"- local cortical treatment, the cortex is ob- 
viously suspect as the locale in question. Furthermore, persistence of the rapid, 
low voltage potentials after section of the thalamic radiations (fig. 1) conclu- 
sively impHcates purety cortical elements insofar as this component of the 
electrical activity is concerned. On the other hand, the 5-10 per sec. activity 
probabty represents activity in a thalamo-cortical mechanism, since it is abol- 
ished bj" section of the thalamic radiations. 

The 5-10 per second activity appears grossty similar to either the normal 
spontaneous bursts of activity or to the repetitive response induced bj'' nerve 
stimulation in lightlj’' anesthetized preparations (Morison and Dempsejq un- 
published data). A tentative identification of the 5-10 per second activity vith 
the repetitive response can lie made on the basis of the following similarities in 
behavior. Their frequencies are the same, and both are sharplj’’ localized to the 
somesthetic cortex. Likewise, figure 5 demonstrates that the acetylcholine 
effect grows out of the repetitive response as more and more time elapses during 
treatment. Contrariwise, it is unlikely that the acetylcholine effect is related to 
the normal spontaneous bursts, since the former can be produced onlj'- in sensorv 
and motor areas, while the latter are best developed in the association areas in 
which acetylcholine spikes cannot be produced (p. 634), and normally occur 
throughout the cortex. 

The sensoiy and motor areas of the cortex receive specific projection fibers 
from the thalamic relay nuclei, while the thalamic connections of the association 
areas probablj’ are more diffuse (Cf. Morison and Dempsej’-, 1941). Further- 
more, it is Avell knoum that the sensoiy and motor areas both send and receiA'e 
fibers to and from their thalamic nuclei. Finally, it has been found that the 
repetitive response to sensor}’- stimulation interacts with the primaiy sensoiy 
response (INIorison and Dempse}', unpublished data). All these considerations 
render it likeh' that the 5-10 per second acetylcholine effect represents increased 
activity in the specific thalamo-cortical feed-back circuits (cf. Dusser de Barenne 
and McCulloch, 1938) rather than in the more generalized circuits responsible 
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for the normal spontaneous bursts of potentials (cf. Morison and Dempsey, 
1941). 

The present experiments demonstrate that prostigmine and acetjdchohne 
produce changes in the central nervous system which are at least qualitatively 
similar to the effects which previously have been described in autonomic and 
neuromuscular systems. For example, the opening up of sjmaptic paths from 
the sensory to the motor cortex (fig. 4) is at least roughly comparable to the in- 
creased responsiveness of the cervical sympathetic S 3 mapse when acetylcholine is 
administered together with afferent stimulation. Similar effects have been noted 
in fatigued neuro-muscular systems (Rosenblueth and Morison, 1937). The 
phenomena reported above indicate that the central nervous sj'^stem can be 
studied bj'^ anatytical procedures similar to those used in simpler sj'stems, and 
that data can be obtained comparable to those already used in analyzing auto- 
nomic and neuromuscular transmission. 


SUMMARY 

Acetylcholine applied locally to the cerebral cortex of cats produced no change 
in the electrocorticogram. Prostigmine, similarly applied, was followed bj’- a 
transient depression of spontaneous activity both at the area of application and 
elsewhere (fig. 1). A characteristic series of changes in the electrical activity 
occurred when prostigmine followed bj’^ acetylcholine was applied to the som- 
esthetic, auditory and motor cortex, but not when association cortex was simi- 
larly treated (p. 635). These changes consisted of increased spontaneous ac- 
tivity, of the appearance of characteristic 5-10 per second spikes, and the later 
development of rapid (20-30 per sec.) lower voltage potentials. The 5-10 per 
second spikes remained well localized to the treated cortex, while the rapid ac- 
tivity spread to certain other cortical areas (figs. 1 and 2). 

The “primarj'” response to single stimulation of a peripheral nein^e was either 
unchanged or slightly reduced after treatment (fig. 3), but the repetitii’-e response 
to single stimulation was greatly increased (fig. 5). On repetitive stimulation of 
a peripheral nerve, the primary response declined rapidly in magnitude and was 
followed by a second, longer latency response which alternated at certain stimulus 
frequencies (fig. 3). After treatment of the somesthetic cortex, a response could 
be recorded from the corresponding homolateral motor cortex after stimulation 
of a sensoiy nerve (fig. 4). 

Atropine abolished the spikes occurring in the intervals between bursts, but 
was rrithout effect on the other changes produced bj’- prostigmine and acetyl- 
choline (fig. 6). Section of the thalamic radiations abolished all the effects of 
treatment except the rapid low voltage activity (fig. 1). 
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Tlie fact that whereas cortical processes (GelUiorn and collaborators), sub- 
cortical (Gellhorn and Storm), and even spinal reflexes (IGng and collaborators) 
are depressed in anoxia, the blood pressure rises and the respiratory volume in- 
creases, indicates an important difference between somatic and vegetative 
centers. Since anoxia depresses the respiration as well as the vasomotor center 
after denervation of the carotid sinuses and bilateral vagotomy (Heymans; 
Gellhorn and Lambert; Schmidt and Comroe, and others) the difference is due to 
the influence of the chemo receptors on the centers. The excitability of auto- 
nomic and somatic structures in the hypothalamus, the medulla, and the spinal 
cord and the role of the afferent impulses originating in the chemoreceptors have 
been studied under the influence of anoxia in order to determine whether funda- 
mental differences exist in the reactivity of autonomic and somatic centers. The 
experiments have indeed demonstrated the existence of these differences, which 
are in part inherent in these centers and therefore independent of afferent im- 
pulses. 

Methous. The experiments were performed on more than 60 cats narco- 
tized either with chloralose (85 mgm/kgm. subcutaneously) or vith 35 mgm/ 
kgm. pentothal- intraperitoneally followed by 35 mgm/kgm. chloralose intra- 
venously. The latter combination was found useful inasmuch as it eliminated 
the use of ether and maintained a high blood pressure and a good excitability of 
the nervous system. 

The hypothalamus and the vasomotor center in the medulla were stimulated 
either by a Harvard indvrctorium or by the secondary of a General Electric 
Variac whose primary Avas connected uith a 110 V. 60 c.p.s. line. The Horsley- 
Clarke apparatus was used for the proper placement of the electrodes (cf. Carlson, 
Gellhorn and Darrow). The spinal cord was exposed at a thoracic level and 
stimulated with either monopolar (Sherrington) or bipolar platinum electrodes. 
The oxygen-nitrogen gas mixtures were inhaled from Douglas bags (cf. Gellhorn 
and Packer). Artificial respiration Avas employed. 

' the John and Mary R. Markle Foundation. Assistance Avas aiso 

giA'Cn by the h . P. A. Project, III. no. 3027S. 

- Kindly supplied b}’ the .Abbott Laboratories, North Chicago, Illinois. 
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Results. I. The effect of anoxia on the excitability of the hypothalatmis and the 
role of the buffer nerves. By means of the Horslej-’-Clarke apparatus the hj^po- 
thalamus was explored until a point was found which pi-oduced on stimulation a 
distinct contraction of the nictitating membrane (n.m.). The cervical sympa- 
thetic was cut on the contralateral side and the cephalic end was stimulated vith 
an inductorium. The contractions of both n.m. were recorded. It was in- 
variabh'- found that anoxia produced bj’^ the inhalation of 4.5 to 8 per cent 
ox 3 ’'gen never altered the contraction of the n.m. which resulted from stimulation 
of the cervical S3’^mpathetic nerve, while at the same time anoxia had a profound 
influence on the contraction of the n.m. elicited b}’' h 3 '^pothalamic stimulation. 
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Fig. la and lb. Stimulation of the hypothalamus in intervals of one minute. Harvard 
inductorium; coil distance 5 cm. Recording of the contraction of the nictitating membrane 
before, during and after inhalation of 4.5 per cent 0 X 3 'gen. 

Fig. Ic. Stimulation of the hypothalamus after denervation of the carotid sinuses and 
bilateral vagotomj’. Harvard inductorium. Coil distance 5.5 cm. 

This indicates that the change produced was due to an alteration in excitabilit 3 " 
of the h 3 "pothalamus and not to a change in the reactivit 3 '’ of the peripheral 
nerve, neuromuscular junction, or the n.m. itself. 

Figure 1 shows that inhalation of 4.5 per cent o.xy^gen causes an increase in the 
contraction of the n.m. on lyvpothalamic stimulation. The effect is quickl 3 ^ 
reversible on readmission of air. In the case of figure 1-A it is seen that this in- 
crease in central excitabilit 3 ’ due to anoxia is followed b 3 " a post-anoxic depression 
during wliich the height of the contraction of the n.m. is smaller than during the 
control period preceding the experiment. In some other cases, however, (figure 
1-B) the jDost-anox-ic depression was absent. Since the n.m. of the cat is in- 
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nervated by sympathetic fibers only, the experiments indicate that sympathetic 
hypothalamic centers show an increased excitability during anoxia. 

The experiments were repeated after the carotid sinuses^ had been denervated 
and the vagi cut. Tigure 1-C shows that after elimination of the buffer nerves 
anoxia still produces a greatly increased contraction of the n.m. on hypothalamic 
stimulation. From numerous experiments of this kind it may be concluded that 
the sympathetic hypothalamic centers governing the contraction of the n.m. 
show an increased excitability in anoxia which persists after the elimination of 
afferent impulses from the chemoreceptors. 

The influence of anoxia on the blood pressure response to hypothalamic stimu- 
lation was also studied. Figure 2-A shows an experiment in which by means of 
a weak alternating current (1.2 V) the hypothalamus was stimulated at intervals 
of two minutes and the blood pressure reaction was recorded through a mercury 
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Fig. 2a. Blood pressure from the carotid artery (upper graph). Stimulation of the hypo- 
thalamus with the 60 cycle current (5 sec.) at 1.2 volts at intervals of 2 minutes. 

Fig. 2b. Blood pressure from the carotid artery (lower graph). Stimulation of the h 3 'po- 
thalamus (indicated by arrow) in a cat with carotid sinuses denervated and bilateral vagot- 
omJ^ Harvard inductorium, coll distance 4.5 cm., duration 10 seconds. At 23 and 28 cat 
inhaled air, between 24 and 26 it inhaled 6.2 per cent O;. Prior to 32 and 35 the blood pres- 
sure was lowered through bleeding from the femoral a^terJ^ 

manometer from the carotid artery. It is seen that the pressor response greatl}’' 
increased during inhalation of 8.1 per cent oxygen. On readmission of air the 
original pressor response was restored. These results are obtained udth regu- 
larity provided that no oxj’^gen concentrations are chosen which produce a verv 
gieat lise in blood pressure per second. Under the latter condition an actual 
decrease and even an absence of response may be observed. 

These experiments were repeated after the carotid sinuses and vagi had been 
eliminated. In figure 2-B a typical example is reproduced. As was shown liy 
Gcllhoin and Lambert, the inhalation of gases low in ox 3 ’^gen produces a fall in 
blood pressure in proportion to the duration and the severity of anoxia in such 
animals, whereas in an animal whose chemoreceptors are intact, anoxia regularty 

von J!"' the denervation of pressor- and chemo- 

rcceptors of the carotid sinus area. 
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produces an increase in blood pressure. If during the period of anoxia the 
hjqDothalamus is stimulated in a “denervated”^ animal, it is found that the blood 
pressure response is now very greatly reduced. This effect is reversible as shown 
bj’' the fact that on readmission of air the same blood pressure response is ob- 
tained on h 5 ’^pothalamic stimulation as was observed before the oxj^gen-nitrogen 
mixture was administered. 

It is of importance to decide whether or not the decreased reactivit}^ during 
anoxia is due to the diminution of the blood pressure level or to the absence of 
impulses from the chemoreceptors. Figure 2-B shows that when the blood 
pressure is gradually lowered by slight bleeding the reactivity of the vasomotor 
center is not decreased to a degree comparable to that found on inhalation of gas 
mixtures low in oxj’’gen in spite of the fact that the fall in blood pressure produced 
by the bleeding is greater than that obtained under conditions of inhalation of 
6.2 per cent oxj'-gen. 


180 



Fig. 3 Fig. 4a Fig. 4b 


Fig. 3. Blood pressure record. Stimulation (as in fig. 2b) of the hypothalamus in a cat 
with vagi intact, but carotid sinuses denervated. Note the shorter duration of the pressor 
response during anoxia. 

Fig. 4a. Blood pressure record (upper graph). Stimulation of the vasomotor center in 
the medulla at 1 minute intervals with 60 cj'cle current at 6 volts for 5 seconds. Note 
change of depressor to 'pressor response in anoxia. 

Fig. 4b. Blood pressure record (lower graph). Medullarj^ stimulation as in figure 4a, 
but 3.5 volts were used. Note marked increase in pressor response during anoxia. 

Experiments on animals trith intact vagi but denervated carotid sinuses show 
results somewhat intermediate between those obtained in normal and in com- 
pleteb’’ “denervated” animals. Figure 3 shows that anoxia in this case produces 
no distinct diminution in the pressor response, but causes a marked decrease in 
the duration of the response. 

On the basis of these observations it may be inferred that in the normal 
animal the hj^pothalamic centers show a greatly increased excitability during 
anoxia leading to an increased contraction of the n.m. and to an increased blood 
pressure response, t^diereas the latter depends on the presence of tlie chemo- 
receptors, the increased responsiveness of n.m. on hypothalamic stimulation is 
independent of chemoreceptors. 

In order to elicit a contraction of the n.m. from the hypothalamus, it was in 

“Denervated” is used to indicate the denervation of both carotid sinuses and bilateral 
vagotomy. 
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general necessary to use relatively strong faradic currents Avhich invariably re- 
sulted not onlj^ in contractions of the n.ni. but also in movements of the ex- 
tremities, the jaws and other parts of the body. Whereas during anoxia the 
contractions of the n.m. increased in height these somatic movements greatly 
decreased in magnitude at the same time. This observation suggests that the 
somatic centers located in the hypothalamus are depressed during anoxia whereas 
the sj^mpathetic centers regulating the n.m. show an increased excitability. 
Systematic observations confirmed this conclusion. By determining the thres- 
hold of the movements elicited by stimulation of the hypothalamus, it was found 
that inhalation of 4.5 per cent ox3'^gen regularty increased the threshold. In one 
experiment, for example, it was found that the threshold for a movement of the 
paiv was at 6.5 cm. coil distance (c.d.). After five minutes of anoxia the faradic 
current produced bj'' the inductorium at a c.d. of even 5 cm. could not elicit anj'' 
movements. Three minutes after the readmission of air the threshold Avas at 
5.5 cm. c.d., 2h minutes later it AA^as at 6.0 cm. c.d., and after 5 more minutes it 
had returned to its original level (6.5 cm. c.d.). 

II. The effect of anoxia on the excitability of somatic and autonomic functions of 
the medulla and the role of the buffer nerves. The effect of anoxia on the contrac- 
tion of the n.m. elicited bj^ stimulation of the SA'^mpathetic medullar}’^ centers is 
similar to that found previouslj'' in experiments involving hAqjothalamic stimu- 
lation. The 60 c.p.s. current Avas used and a threshold contraction Avas elicited. 
This reaction remained constant AAdien the stimulation was performed at inter- 
vals of one or two minutes. During inhalation of 5.7 per cent o.xj’-gen the con- 
traction of the n.m. became maximal. The effect Avas reversible on readmission 
of air. The experiments seem to indicate that the sj'^mpathetic medullary 
centers are likeA\Tse more excitable in anoxia than under control conditions. 

This conclusion is confirmed by experiments in Avhich as indicator of the 
sj'^mpathetic response the erection of the hairs on tlie back or tail Avas studied in 
response to stimulation of the medulla. In one set of experiments the thres- 
hold AA^as determined in volts using the General Electric Variac as the stimulating 
deAuce. During inhalation of 5.7 per cent oxygen the threshold AA^as distinctlj’’ 
loAATred. In another seiles the stimulus AA^as kept constant and the intensit}'^ of 
the reaction Avas observed. It AA^as found that dining anoxia a larger area par- 
ticipated in the piloerection than during inhalation of air. The effects were 
rapidty reversible on readmission of air. 

The I'eaction of the blood pressure response to medullarj’’ stimulation duilng 
anoxia is illustrated bj'' figure 4. In the upper part of figure 4 a stimulus of 6 
A'^olts Avas used causing a slight depressor response. During the inhalation of 
8.1 pel cent ox^'^gen the blood pressure rose and the response to stimulation AA'as 
conA’^eited into a piessor response. Before this happened, hoAA^ever, the depressor 
response increased temporarily. After readmission of air the stimulation re- 
sulted again in a depressor response of slightly lesser magnitude than Avas ob- 
seived during the control period prior to the inhalation of low oxygen. The con- 
version of a depressor into a pressor response Avas not infrequently found and 
seems to indicate an increase in the excitability of the vasomotor center in 
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anoxia, since it was shown in control experiments that a depressor I'esponse can 
easil}’- be changed into a pressor response by slightl}^ increasing the intensity of 
the stimulus. In other words, anoxia acts as if the intensit}'^ of the stimulus had 
been increased. Apparently, a stimulus applied to a depressor point affects also 
adjacent pressor points whose threshold has been lowered in anoxia. 

The lower graph of figure 4 shows the alteration of a pressor response during 
inhalation of 7 per cent oxygen. Here again the vasomotor center was stimu- 
lated and it is seen that the first three responses are very greatty increased during 
anoxia. However, the fourth response is actuall}^ decreased. This experiment 
illustrates that although anoxia leads to an increase in the blood pressure reaction 
on h 3 qDothalamic and medullarj’^ stimulation in the normal cat the duration of 
this effect is somewhat variable. In some animals the pressor response remained 
increased during inhalation of 7 per cent ox 3 ’^gen for as long as 8 minutes and the 
period of anoxia was not extended an 3 '- further. In other experiments the period 
of increased excitabilit 3 ^ was shorter, as shown in figure 4. It should, however, be 



Fig. 5. Blood pressure record. Medullar 3 ' stimulation at 2 minute intervals with 60 
cj'cle currents at 3 volts for 5 seconds. Bilateral denervation of carotid sinuses, vagi in- 
tact. Eight and one-tenth per cent O 2 between 3 and 5 and 9 and 11. The stimulation 
during ano.xia indicated b 3 ^ arrows. 

emphasized that the duration of the period in which the pressor responses were 
increased in anoxia was directl 3 ^ related to the excitabilit 3 ^ of the central nervous 
S3"stem. 

After denervation of the carotid sinuses and bilateral vagotom 3 '- entireb" differ- 
ent results were obtained. Figure 5 shows that the pressor response which is 
regulai’b^ obtained in the control periods preceding and following the administra- 
tion of low ox 3 "gen almost completeb" disappears during anoxia. At the same 
time the blood pressure gradiialh" falls during anoxia. That the decrease or the 
absence of a pressor response is not due to the fall in blood pressure is shown b 3 ’’ 
the second half of figure 5 in which the stimulus was applied one minute after in- 
halation of 8.5 per cent ox 3 "gen. At that time the blood pressure had not 3 ’et 
fallen but the pressor response was markedh' decreased. Further experiments 
indicated that the same results were obtained in animals in which the carotid 
sinuses were denervated but the vagi remained intact. Apparentb’’ the ex- 
citatoiy impulses from the chemoreceptors of the carotid sinus area are primarih^ 



EFFECT OF AKOXIA. OX SOAIATIC AND AUTONOMIC CENTERS 


647 


responsible for tbe increased excitability of the vasomotor center to direct stimu- 
lation during anoxia. 

III. The effect of anoxia on the exciiability of somatic a'nd autonomic centers in 
the spinal cord. In a series of experiments autonomic and somatic responses 
rvere studied by stimulating the dorsal surface of the spinal cord. In some ex- 
pei'iments the dura was cutj in others it was left intact. Monopolar as well as 
bipolar electrodes were used. The various methods did not appi'eciably alter 
the response. It was found that stimulation of the posterior columns of the 
spinal cord between T 2 and T 7 elicited a pilomotor response either on the tail 
or on the back. During the inhalation of 4.5 per cent to 6.2 per cent oxygen this 
response was distinctly increased while the stimulus remained the same. Such 
results were obtained not only in narcotized but also in decerebrate animals. 
This suggests that the increased response of the autonomic reactions to a stand- 
ard stimulus applied to the spinal cord is not due to a removal of inhibition from 
higher parts of the central nervous system but is caused by an increase in the 
excitabilit 3 " of the autonomic centem of the spinal cord. 

Similar results were obtained by stimulating Ti to T 4 before, during and after 
inhalation of low oxygen when the contraction of the n.m. was recorded. The 
results agreed ndth those previously described; i.e., the contraction of the n.m. 
increased during the period of anoxia while the stimulation was kept constant. 
Finally the effect of stimulation of the dorsal columns of the spinal cord on 
somatic movements was studied and it was found that in contradistinction to the 
autonomic responses the somatic movements definite^ declined during anoxia. 
Similar results were obtained in decerebrate dogs. 

The results appear to be due to changes in the excitability of spinal and not of 
medullarj'^ centers for the folloning reason. Stimulation of the lower thoracic 
cord never elicited a contraction of the n.m. although this effect was regular^ 
produced on stimulation of the first three of four thoracic segments. The 
changes in blood pressure resulting from the stimulation of the cervical spinal 
cord were slight or nil whereas the same stimulus apphed to the lower thoracic 
cord resulted in veiy great pressor responses. Furthermore, stimulation of the 
surface of the spinal cord at the lumbar level failed to evoke reflex movements of 
the forelegs. Apparently, the conditions of stimulation were such as to affect 
primarily the stimulated segments. 

Discussion. The chief result of our investigation is the fact that whereas 
autonomic responses (pilomotor and blood pressure response as well as contrac- 
tion of the n.m.) are increased in anoxia, somatic responses obtained from the 
same level (experiments on the hypothalamus and the spinal cord) decrease. As 
far as the blood pressure reaction is concerned, this effect is obtained only in the 
presence of the buffer nerves. In their absence the vasomotor center reacts 
similarly to somatic centers inasmuch as the blood pressure response to stimula- 
tion markedly declines in anoxia. Since it has been shonm that this decline is 
not due to a fall in blood pressure level it is concluded that the excitability of the 
medullary vasomotor renter i^ increased in anoxia only when it is under the 
influence of afferent stimuli from the sino-aortic area. Similar results are ob- 
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tained when the blood pressure reaction is ehcited from the hypothalamus. Ap- 
parently not only the tonicity of the vasomotor center depends on the impulses 
originating in the chemoreceptors (Gellhorn and Lambert) but also its reactivity 
to direct stimulation and to stimuli coming from supra-medullary regions (hypo- 
thalamus) is determined by these afferent impulses. 

The contraction of the n.m. was shown to be increased during anoxia on hy- 
pothalamic stimulation and this effect was independent of the presence of the 
carotid sinus nerves. These data suggest that the autonomic centers in the 
central nervous system are less sensitive to anoxia than are somatic centers. 
The vasomotor and the respiratory center are intermediate between the so- 
matic centers whose excitabiUty dechnes in anoxia even in the normal animal and 
the sympathetic center in the hypothalamus governing the activity of the n.m. 
which remains in a state of heightened excitability in spite of the absence of the 
buffer nerves. It is assumed that the increased excitability of the autonomic 
centers greatlj'^ contributes to the resistance of the organism to anoxia. More- 
over, experiments which -will be reported elsewhere indicate that the greater 
resistance of the autonomic when compared to that of the somatic centers is not 
restricted to the conditions of anoxia. The observations of Feldman, Cortell 
and Gellhorn that anoxia leads to a discharge over both s 3 ’’mpathetico-adrenal 
and vago-insulin systems is in line vith this argument and suggests that both 
divisions of the autonomic nervous system are characterized by a greater re- 
sistance to anoxia than is shown by cerebro-spinal centers at similar levels. 

SUMMARY 

The effect of anoxia produced by inlialation of oxygen-nitrogen mixtures 
varying between 4.5 per cent and 8.1 per cent oxygen was studied on autonomic 
and somatic responses elicited by stimulation of hypothalamus, medulla and 
spinal cord in narcotized cats. 

Anoxia increases the contractions of the n.m. produced by stimulation of the 
hypothalamus and this effect persists after the denervation of the carotid sinuses 
and bilateral vagotomjL Since anoxia exerts no effect on the contraction of the 
n.m. elicited bj’’ stimulation of the cephalic end of the cervical sj^mpathetic, the 
increased response to hypothalamic stimulation is attributed to an increased 
excitabihty of the hypothalamic sympathetic centers. Somatic movements 
elicited from the same area, however, decline or disappear under conditions of 
anoxia. 

The blood pressure rise re.sultmg from h}’'pothalamic stimulation increases 
during anoxia in the normal animal but decreases in the cat deprived of the 
carotid sinuses and vagi. Similar results are obtained in experiments on direct 
stimulation of the vasomotor center in the medulla. Thej-- suggest that the in- 
creased excitability of the vasomotor center to indirect (supramedullaiy) as Avell 
as direct stimuh (applied to the vasomotor center itself) depends on the presence 
of afferent impulses from the chemoreceptors of the sino-aortic area. 

Further studies on the effect of anoxia on the contraction of the n.m. and the 
erection of hairs elicited b 3 ’- medullar^’ and spinal stimulation indicate an in- 
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creased excitabilit}'^ of these centers in anoxia. ' Somatic movements induced by 
stimulation of the spinal cord decline during anoxia. These results were ob- 
tained in narcotized as well as in decerebrate cats. 
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The flow of blood through the dog’s small intestine has been shown to be 
only temporarily reduced when the intestine is distended at pressures below 30 
cm. water (Law’son and Chumley, 1940). Some increase of flow above the 
initial maximum reduction has been found to occur during distention at all 
pressures below the level of mean arterial pressure (unpubhshed data). The 
total flow may thus return, during distention, to its control level or to a level 
somewdiat above or somewhat below^ its control, depending upon the distention 
pressure employed and the condition of the intestine. If no change occurs in 
the percentage distribution of the total flow among the various tissues of the 
system intestine-mesenteiy, the recover}’’ of flow during the early portion of 
the distention period should, if it is complete, ensure adequate circulation of 
all the tissues of the distended gut. Pappenheimer (1941) has show, however, 
that redistribution of flow can occur ■nithin an organ independently of changes 
in total flow, and that as a result, portions of the organ may be denied a full 
suppty of oxygen at rates of total flow which are adequate if equitably 
distributed. 

In the present stud}’’ an attempt was made to use changes in the consumption 
of oxj’gen by the circulated gut during distention as an index to changes in the 
ox 5 ’gen supply. Since the blood flow through most organs is considerabl.y in 
excess of the amount needed to meet the oxj’gen requirements (Barcroft, 1934), 
oxj’gen consumption is independent of flow beriveen fairl}’’ -sride limits. Con- 
firmation of this for the intestine under our working conditions Avas obtained in 
the course of this study (see table 3). It was expected, therefore, that the o.xygen 
consumption of the loop -would be unaffected by changes in flow unless flow w’ere 
reduced, in some portion of the gut, beloAv the minimum required to suppb" 
oxj^gen to that portion. As is showm bj’’ our data, this minimum is reached in 
some part of the gut -n'lien flow to the whole loop is reduced to about 20 cc./lOO 
gm./min., or about one-half of its usual rate. These limitations of the method 
led us to believe that -we -would have to reduce flow in the undistended loop to a 
demonstrable minimum for oxj'gen suppl}’- before we could hope to obtain evi- 
dence, from a reduction in oxj'gen consumption, that distention had reduced the 
flow to an}' portion of the loop. 

The assumption was made, in planning the stud}’-, that any reduction in flow 
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to the tissues of the distended gut would be the direct mechamcal efiect of the 
distention on resistance in the tissues. It was assumed that with moderate dis- 
tentions, the effect would be small, and the flow reduction far from critical for 
oxygen consumption. We were therefore unprepared for the striking data ob- 
tained in preliminary experiments in which no attempt had been made to reduce 
flow in the resting loop to critical rates for oxygen supply. The data are less 
surpiising if the theoretical effect of low-resistance vascular shunts on flow 
through the tissues is kept in mind. 

Methods. Blood flow measurements. The volume flow of blood tlmough 
loops of ileum or je^imum was measured in barbitalized dogs. In about half the 
experiments differential manometry was employed as described in previous 
reports (Lawson, 1941). In the others venous outflow was measured directly 
by temporarily (Averting the blood flowmg from the loop into a measuring bulb, 
the rise in venous pressure during the collection being not more than 3 cm. blood. 
By keeping a layer of mineral oil in the collecting bub, tins measurement was 
carried out anaerobically, so that the collected sample was available for oxygen 
determination as described below. Chlorazol Fast Pmk (reprecipitated) was 
^ven intravenously in doses of 100 mgm. per kgm. as anticoagulant in the 
measurement of outflow. As is shovm in table 1 , values for blood flow and for 
oxygen consumption do not appear to be significantly different with the two 
methods. 

All of the data reported here were obtained vith distentions at an intraintes- 
tinal pressure of 30 cm. water, duiing which recoveiy of flow is usually not quite 
complete. The technique of distention was the same as in the earlier reports. 

Collection of blood samples and measurement of arterio-venous oxygen difference. 
Oxygen was determined on 1 cc. samples by the manometric method of Van 
Slyke and Neill (1924). Arterial samples were drawn under oil from a femoral 
artery at the beginning of the experiment, at the end, and at intervals of 10 to 15 
minutes throughout. At least one arterial sample in each experiment was 
drawn dui'ing distention of the intestine. Abrupt changes in arterial oxygen 
were not observed, the values obtained either remaining constant or changing 
progressively at a practically uniform rate throughout the e,xperiment. The 
values for arterial oxygen were plotted against time, and from the resulting 
curve arterial oxygen at the tune of collection of each venous sample was ob- 
tained b}'' interpolation. The rdethod is less dependable than simultaneous 
measurement of arterial and venous oxygen, but is sufficiently accurate for our 
pui poses, since we demonstrated that our procedures were without effect on 
arterial ox 3 '^gen. 


I enous samples from the resting (undistended) loop were drawn at least three 
minutes after termination of a preceding distention period, to permit full re- 
covciy. There was usuaUy fairly good agreement between the first and sub- 
sequent resting deteiminations, suggesting that tins recovery period was 
adequate (see table 1). Samples from the distended loop were di-avm routinely 
two minutes after beginning inflation. At this time blood flow has usuaUy 
leached a state of no further change, following recoveiy from its initial reduction. 



652 


HAMPDEN LAWSON AND A. M. AMBROSE 


TABLE 1 

O2 consumption of resting innervated intestine 


ANIJIAIi NO. 

METHOD 

f OBSERVATION NO. 

A-V O2 

BLOOD FLOW 

O2 CONStraiPHON 




cc. 

cc.flOO g.fmin. 

cc./iOO g./min. 

1 

A 

1 

9.25 

42 

3.88 



2 

14.24 

29 

4.86 

2 

V 

1 

4.20 

65 

2.73 


j 

2 

2.30 

70 

1.61 

3 

V 

1 

2.05 

84 

1.72 



2 

2.92 

75 

2.18 



3 

1.10 

73 

0.80 

4 

V 

1 

4.66 

40 

1.86 



2 

4.51 

36 

1.64 

5 

V 

1 

1 ! 

4.53 

41 

1.87 



2 

3.01 

43 

1.41 

6 

V 

1 

2.37 

'68 

1.61 



2 

2.50 

54 

1.36 



3 

2.18 

62 

1.36 

7 

A 

1 

2.99 

50 

1.49 

8 

A 

1 

1.60 

87 

1.39 



2 

1.10 

87 

0.96 



3 

1.36 

73 

1.00 

9 

A 

1 

2.38 

30 

0.71 



2 

2.72 

32 

0.87 



3 

2.50 

30 

0.75 

10 

A 

1 

2.92 

48 

1.40 



2 

2.39 

45 

1.07 



3 

2.55 

43 

1.10 

11 

V 

1 

1.59 

81 

1.28 



2 

1.95 

80 

1 72 



3 

2.02 

73 

1.47 

12 

A 

1 

3.60 

50 

1.78 



2 

4.80 

36 

1.74 



3 

5.51 

26 

1.54 

13 

A 

1 

1.79 

97 

1.74 



2 

1.80 

72 

1.30 


V = Venous outflo'n' measurement; A = arterial flow by differential manometry. 


In obtaining venous samples, admixture with other portal blood tvas prevented 
bj' clamping the vein vhich drains the loop downstream from a convenient side 
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branch ivhich was opened for collecting the sample. When flow was measured 
by differential arterial manometry the sample was drawn into an oiled syringe 
through a blunt needle tied into the side branch. With the direct measurement 
of outflorv, a bottom outlet from the measuring bulb permitted the sample to 
be drawm off under oil after its rate of flow into the bulb had been measured. 

Results. The consumption of oxygen by the resting intestine. Table 1 sum- 
marizes the data obtained in 32 determinations on 13 undistended innervated 
loops. As is shown in the table, most of the rates of oxygen consumption lie 
between 1 and 2cc. per 100 grams per minute, noth extremes of 4.86 and 0.71 cc. 
The limits of variation in any single loop during the course of the experiment 
are considerably less than the limits for the group as a wdiole, and wnth only two 
exceptions lie between 4-24 and -21 per cent of the mean for the loop. No 
relationship is apparent in the table betiveen the rate of flow and the rate of 
oxygen consumption. These rates are similar to those found by Brodie and 
his colleagues (1910), who also observed a lack of relationship between flow 
and oxj'gen consumption, and noted unexplained variations in oxygen con- 
sumption of the same order of magnitude. No explanation is available for the 
large number of loops in this group with rates of flow excessively high as com- 
pared ndth those previously reported (Lawson, 1941). The work was done 
for the most part during a period of extremely w’arm weather, on a giuup of dogs 
rnth low cell '.plasma ratios and low arterial oxygen. 

The resting o.xj^gen consumption of denervated intestine, as shown by 30 
determinations on 12 loops whose mesenteric nerves had been sectioned, did not 
appear to differ significantly from that of intestine with its nerves intact. In 
this series the variations found on repeated determinations in the same loop rvere 
between 4-19 and —28 per cent of the mean for the loop. 

The effect of distention on innervated intestine. In determining the effects of 
distention, data for the period of distention w'ere always paired with data for the 
immediately preceding control period. The difference betiveen the control 


and the distention data in each such pair is shonm in figures 1 to 3 as a percentage 
of the control. In the figures the data are arranged in the order of the change 
in oxj'^gen consumption, to show relationships between oxygen consumption, 
blood flow, and the A-V oxygen difference. Figure 1 summarizes, in these terms, 
the effect of distention (32 trials) on the 13 innervated loops whose control data 
were given in table 1. The reduction in oxygen consumption which was ob- 
scured in all except 5 of the 32 trials is usually due, as the figure shows, to a 
decrease in the A-V oxygen difference, and bears no constant relationship to the 
change in blood flow. Some of the more striking reductions in oxygen consump- 
tion were associated with no change, or with an increase in total blood flow. 

The effect of distention on cocainized intestine. Since the application of 1 per 
cent cocaine hydrochloride solution to the mucosa of the loop prevents recoveiy 
of blood flow during distention (Lawson and Chumley, 1940), it seemed probable 
that a study of the cocainized intestine would throw light on the relationship 
between the recovery of total flow and the change in o.xygen consumption during 
distention. If the recoveiy of total flow through the distended loop is brought 
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about by the opening of nutrient vessels for the tissues, abolishing the recovery 
mechanism vdth cocaine should increase the flow deficit in the tissues, and 
augment the reduction in blood oxj^gen utilization. If, on the contrary, the 
recovery of total flow is due to the opening of vascular by-passes, its abolition 
bj’- cocaine should augment neither the flow deficit in the tissues nor the reduction 
in oxj'^gen utilization. 


+eo 



4 2 4 8 8 3 1 1 10 10 8 6 12 3 11 8 6 13 12 8 9 ]2 8 T 13 6 11 11 10 0 3 8 


DOG NUMBER 

Fig. 1. The effect of distention on innervated, untreated intestine. See text for e.xplana- 
tion. 

Some of the loops shown in figure 1 were according^ treated with cocaine, 
and subjected to periods of distention as above. The paradoxical effect of 
cocaine is illustrated in the form of a protocol for one of these experiments in 
table 2. As is shovoi in the table, despite the fact that distention caused a 
greater reduction in total blood flow than before cocainization, it no longer re- 
duced oxj’^gen consumption, the A-V oxygen difference approximately com- 
pensating for the reduced flow. Data for all the cocainized loops are summarized 
in figure 2. In eveiy case the arterio-venous ox 3 ^gen difference was increased 
during the distention. The decrease in oxj'-gen consumption wliich was showm 



PER CENT change: 


BLOOD PLOWU ■ 
OtCONSUMPTlONB 
A-V OjDIFFERENCE I 



16 IB IB 17 17 4 14 4 14 14 4 

DOG NUMBER 


Fig. 2. The effect of distention on cocainized intestine. See text for explanation. 


BLOOD FLOWU I 
OjCONSUMPTIOnI 
A-V 0, DIFFERENCE 



81 14 17 22 24 17 16 21 24 24 25 20 2b 23 23 20 20 6 16 21 14 19 22 22 23 18 20 15 16 ,8 

DOG NUMBER 

serves. Sep te:;t 
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by some of the loops is small in comparison mth the decrease shonoi by the 
majority of the untreated loops. It is roughl}’- proportional to the reduction 
in total blood flow, and inversely proportional to the increase in the A-V oxygen 
difference. 

The effect of distention after section of the mesenteric nerves. In all of the pre- 
vious studies the effect of distention on total flow through the intestine has 
been unmodified by section of the mesenteric nerves (Lawson and Chumley, 
1940; Lawson, 1941). Figure 3 summarizes our data on the effect of distention 
on oxygen consumption in denervated loops. In about half the trials oxygen 
consumption was decreased during distention, and in about half increased. The 
reductions observed do not exceed the limits of variation ( — 28 per cent of the 
mean for the loop) shown b 3 ’’ these same loops when undistended, and cannot, 
therefore, be attributed to the distention. Some of the increases do, however, 

TABLE 2 


The effect of distention on an innervated loop after cocainization of the mucosa 



BLOOD FLOW 

1 

A-V 0” DIFFERENXE 

OXYGEN UTILIZATION 

OBSERVATION 

Co./lOO g./min. 

! Per cent 

Cc. 

Per cent 

Co./lOO g./min. 

Per cent 


Cont. 

Dist. 

change 

Cont. 

Dist. 

change 


Dist. 

change 

Untreated 







mm 



1 

39.9 

36.0 

-10 



-61.4 


0.61 

-67.2 

2 

36.3 

37.2 

-f2.2 


loBil 


WSM 

0.19 

-88.4 

Cocainized 










1 

35.4 

30.3 

-14.4 

4.22 

4.85 

4-14.9 

1.49 

1.47 

-1.3 

2 

31.5 

26.4 

-16.1 

5.28 

5,85 


1.66 

1.54 

-7.2 

3 

28.8 

25.5 

-11.5 

5.76 

6.75 

4-17.2 1 

1.66 

1.72 

-f3.6 


Cont. = control; Dist. = distended. 


exceed the observed limits of random variation (-[-19 per cent), and are probabty 
significant. These data are interpreted as shovdng that distention was usuall}’’ 
trithout effect on oxygen consumption in the denen'-ated loop, but occasionallj’' 
caused an increase. The effect of distention on the A-V oxygen difference was 
strikingl}'- different in the denervated and the innervated group. Wliereas in 
inneiwated loops the A-V oxj^gen difference was usualty decreased (fig. 1), in 
denervated loops it was usuallj'' increased (fig. 3) . At these distending pressures, 
an increase in total blood flow over the control was observed more frequentlj’^ 
in the denervated than in the innervated group, as has alread 3 ’’ been reported, 
but in both groups the usual effect was a moderate flow reduction. 

An effort was made in three experiments to determine whether the failure 
of distention to reduce ox 3 ’'gen consumption in the denervated intestine is due 
to the fact that the resting volume of flow is larger (Lawson, 1941), and therefore 
more gieatb’’ in excess of the requirements of the tissues. Vascular shunts could 
open under these conditions and divei’t blood from the tissues without reducing 
flow through the tissues to critical levels for o.x 3 'gen suppty. Table 3 piesents. 
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in the form of a protocol for one of these experiments, the data obtained on dis- 
tention of a denervated loop after its resting flow had been reduced to ciitical 
levels bj^ application of a Goldblatt clamp to its artery in the mesenterj . As 
is shonm in the protocol, resting oxygen consumption was not reduced until 
arterial compression had reduced the total flow to about 20 cc./lOO gm./min. 
Distention at the higher rates of flow either increased or did not change the A-\ 
oxygen difference and the oxj’-gen consumption. , At the lower rates of flow, 
distention reduced both the A-V oxygen difference and the oxygen consumption. 
Similar data were obtained in the other trvo dogs, on the minimum rates of flow 
required for resting ox 3 '’gen supply', and on the. effect of distention at various 
flow levels. In none of them, however, was it possible to obtain such marked 
reductions in oxygen consumption during distention as were observed in some 
of the innervated loops. 

TABLE 3 


The effect of distention on a denervated loop with its resting flow reduced (Goldblatt 

clamp on mesenteric artery) 


j 

BLOOD FLOW 

A-V 

Ot DIFFERENCE 

OKYGBN ‘UTILIZATION 

OBSERVATION 

Cc./lOO g./min. j 

Pet cent 

Cc. 

Per cent 

Cc./JOB g./min. 

Per cent 


Cont. 

Dist. 

change 

Cont. 

Dist. 

change 

! Cont. 

1 

Dist- 

change 

1 

Artery constricted 

92.4 

89.6 

-3.3 

1 1.65 

1.90 

+15.2 

1 

1.53 

1.70 

+11.1 

1 1 
Artery further 
constricted 

47.2 

i 






1.56 

1 

1.56 

±0.0 

1 


21.2 

■4-4.6 

5.95 


-10.9 

1.23 

1.12 

-9.0 

2 

18.4 




5.57 

-19.3 

1.27 

0.S9 

-30.0 


Gout. = control; Dist. = distended. 


Discussion. With an adequate supply of oxj’^gen for all parts of the intestine 
moderate distention would be expected to increase oxj’-gen consumption since 
it demonstrably increases both muscular and secretorj^ activit 3 ^ The possi- 
bility, however, that even such drastic reductions as are reported here are due to 
reduced 0 X 3 'gen requirements during distention, cannot be categorical^ dismissed 
without additional data. We have provisionally taken the data on the in- 
nervated intestine to mean that when the loop is distended, the flow of blood is 
diverted from channels in which oxygen loss is high into channels in which it 
is Ion. That the lattei are functional, if not anatomical arteriovenous anasto- 
moses (Spanner, 1932) is suggested by the fact that blood passing through them 
during distention ma 3 ’- lose almost none of its oxygen. 

Cocaine, wliich has been shown in previous reports to prevent recovery of 
total floe during distention, also has the property of preventing a reduction in 
oxygen consumption. These data suggest that the mechanism which deprives 
the active tissues of oxygen during distention is the mechanism which restores 
total flow. The failure of distention at these pressures to reduce oxTgen con- 
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sumption in the cocainized loop suggests, further, that in the absence of tlie 
short-circuiting action of the shunts, flow through the tissues of the gut is not 
seriouslj'’ impeded by moderate distention. 

Our failure to obtain satisfactory evidence for the operation of vascular by- 
passes during distention of the decentralized intestine is tentatively attributed 
to the larger total volume of flow, and not to the interruption of reflex arcs re- 
quired for opening of the shunts. Our data shovdng that the decentralized 
intestine with its flow restricted resembles the innervated gut are not, however, 
altogether convincing, since drastic curtailment in oxygen consumption during 
distention, to match the more striking cases in the innervated series, was 
not obtained. The apphcability of these data to the problem of intestinal 
obstruction, in which ischemic damage maj'^ be done bj"- the development of 
pressure vdthin the obstructed intestine, should be investigated. It has been 
shown that decentralization of obstructed or distended intestinal loops pro- 
longs the period of survival (Herrin and Meek, 1933; Antoncic and Lawson, 
1941). 

The observation that cocaine abolishes deflation hyperemia, but does not 
abolish the hyperemia -which follows a period of arterial occlusion was recently 
offered as evidence against the occurrence of masked ischemia in the inflated 
intestine (Lawson, 1941). The present data, if our interpretation of them is 
correct, show that ischemia does occur in portions of the distended innervated 
loop, and is masked by a compensatoiy increase in flow in other portions. Co- 
caine prevents the occurrence of such ischemia, hence cannot be used to differ- 
entiate deflation hyperemia from reactive hyperemia, as in the earlier report. 

SUMMARY AND CONCLUSIONS 

During moderate distention (distending pressure 30 cm. water) of the bar- 
bitalized dog’s ileum or jejunum there is usually a marked rise in the oxj^gen 
content of venous blood returning from the loop. The arterio-venous ox 3 ^gen 
difference maj'- fall, for this reason, to one-half or less of its undistended control 
value. The volume flow of blood, after recovery from its initial brief period of 
reduction, is usually slightlj'- less than during the control, but is sometimes un- 
changed, or even increased. There appears to be no relationship between the 
direction or amount of change in blood flow, and the direction or amount of 
change in the arterio-venous oxygen difference. The ox 5 '^gen consumption of 
the intestine, calculated as the product of flow bj’^ A-V oxj’^gen difference, is al- 
most alwa 3 's reduced. 

After treatment of the intestine Mth cocaine, the oxygen content of mesenteric 
venous blood is always reduced during distention. There is little or no re- 
coveiy of blood flow, so that throughout the distention flow is considerabb'- more 
reduced than in the untreated intestine. 0 .x 3 ’'gen consumption, calculated as 
the product of flow b 3 ’ A-'\^ ox 3 '’gen difference, is either unchanged, or reduced 
slightb’- in proportion to the flow reduction. 

Distention of the untreated intestine after section of its mesenteric nerves has 
no consistent effect on either the ox 3 ’^gen content of mesenteric venous blood or 
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the calculated oxygen consumption of the intestine. The effect on total blood 
flmv through the intestine does not appear to differ from that in the intact gut 
except that increases in flow over the control during the distention period are 
more frequent. In a small number of cases the calculated oxj'^gen consumption 
was significantly increased during distention, over the control. After flow to 
the decentralized intestine had been reduced by compressing its arteiy, disten- 
tion consistently reduced the arterio-venous oxygen difference and the calculated 
oxygen consumption, but not so greatly as in the intact intestine. 

These data are offered as incomplete evidence for the opening of low-resistance 
vascular shunts in the distended intestine, which short-circuit some of the tissues 
of the gut wall, depriving them of their oxygen suppljq and which at the same 
time provide for the maintenance of an imdiminished total volume flow of blood. 
Cocaine appears to prevent the opening of the shunts. Failure to demonstrate, 
by these methods, the operation of the shunt mechanism in the intestine after 
section of the mesenteiic nerves can be exiilained by assuming that flow to the 
tissues of the denervated loop is greatly in excess of the minimum rate required 
for oxygen supply. 
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The literature dealing -with the relation of the parathyroid glands to gastric 
secretion has been reviewed in an earlier communication bj' Babkin, Komarov 
and Komarov (3). Although many important facts were established by pre- 
vious investigators, they are in some respects open to criticism. Thus' few 
investigations were carried out in which more than one type of gastric prepara- 
tion was used, and the stimuli employed for the production of gastric secretion 
were limited to either meat or histamine. When Pavlov-pouches were used, 
evidence was not always presented to piwe that the pouches were innervated. 
Few determinations were made of the peptic power of the gastric juice. Al- 
though the parathyroid hormone, when injected subcutaneously, does not e.\ert 
its maximum effect on the serum calcium until at least 12 hours after its ad- 
ministration, some e.xperiments were performed in which the hormone and the 
gastric stimulus were given simultaneously. Therefore it seemed desirable to 
re-investigate the whole problem, using more adequate methods. 

The purpose of the present investigation was to study the effect of the para- 
th 3 u-oid hormone and parathyroidectomj'^ on gastric secretion provoked by vari- 
ous stimuli in innervated and denervated gastric pouches in dogs. Preliminary 
reports of this work ha^m appeared (2, 9). 

Methods. Three types of experimental prepai-ation were used: Pavlov- 
pouch, Heidenhain-pouch and esophagotomj'- vdth a gastric fistula. The Pavlov 
and Heidenhain pouches were provided with a narrow orifice which acted as a 
valve and prevented the escape of gastric juice from the pouch. A soft rubber 
catheter (10 Fr.) was used to withdraw the secretion from the pouch. Ulcera- < 
tion of the skin around the orifice of the fistula never occurred vdth this type 
of preparation. The dogs were kept on a standard diet and care was taken 
to replace the hj’-drochloric acid and salt lost with the gastric juice during the 
e.xperiments. 

We were faced with the problem of keeping the dogs alive and in a state of 

' Tliis investigation was supported by a grant from the Associate Committee on Medical 
Research of the National Research Council of Canada. The results presented in this 
paper are taken in part from a thesis submitted to the Faculty of Graduate Studies and 
Research, McGill University, in partial fulfilment of the requirements for the degree of 
Doctor of Philosophy. 

= .\t present in the Department of Physiology, Northwestern Universitj', Chicago. 
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good nutrition after parathyroidectomjL It ivas decided that Parathormone 
would not be a suitable substitute for the secretion of the paratlnu-oid glands 
because of its long latent period and its after-effects on gastric secretion ; thei e- 
fore, calcium lactate was given to the animals with their daily food. Sterile 
5 per cent calcium lactate was prepared for emergency use and injected intra- 
venously when necessary. The animals were observed at frequent intervals 
during the day, and the time between the last observation at night and the 
first on the following morning never exceeded seven hours. With these pre- 
cautions it wns possible to keep the dogs alive and in good condition for as long 
as three months after complete thyroparathyroidectomy. 

The free and total acidities of the, gastric juice were determined by titration 
with 0.02 N NaOH, Topfer’s reagent and phenolphthalein respectively being 
used as indicators. The peptic activity wns determined hy Nirenstein and 
Schiff’s modification of hlett’s method. The Volhard-Harvey method, as 
described by Peters and Van Styke (8), w'as used for the determination of 
chloride. 

The concentration of serum calcium w-as determined by the method described 
by Clark and Collip (6). The parathyroid hormone preparation used in these 
experiments w'as Parathormone (Eli Lilly Co.). 

Results. Effect of Parathormone: Pavlov-pouch dog “S”. The gastric 
secretory responses to various test-meals (bread, milk or meat) and to subcu- 
taneous injection of 0.75 mgm. histamine phosphate (Parke, Davis ct Co.) were 
determined in dog “S”, male, iveighing 22.5 kgm. by the following procedure. 
The test-meal w^as given about 18 hours post cibum, and the secretion was re- 
moved hourly, the volume of each sample being recorded and the juice analyzed 
for acidity, pepsin and chloride. The duration of the collection period w-as 8 
hours. When histamine w^as administered, the juice was collected at intervals 
of 15 minutes for one hour. Precautions w'ere taken in all these experiments to 
prevent the provocation of secretion by any outside stimulus. 

Table 1 summarizes the results obtained with dog “S”. Fifty units Para- 
thormone were injected subcutaneously 12 to 13 hours before the start of the 
experiment. The average increase in serum calcium wrs 1.4 mgm. per cent. 
In every case, the injection of Parathormone caused a diminution in the total 
volume of secretion and increased the concentration of pepsin. The acidities 
were decreased in the experiments with bread and milk. The concentration of 
chloride was slightly less than in the control experiments. In addition, the 
curve of the hourly rates of secretion wrs distorted. For example, the initial 
high rate of secretion in response to a meal of bread w'as depressed and a new 
peak W'as i cached at about the fourth hour. Although the serum calcium had 
returned to normal levels within 48 hours after the injection of Parathormone, 
the initial control values for the feeding experiments were not regained for as 
long as six weeks. The results of these experiments are expressed as “Post- 
Parathormone” in table 1. 

Dog “D” loiih esophagoioviij and a gastric fistula. The effect of injection 
of Parathormone on the gastric secretorj^ response to .sham-feeding, to intra- 
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venous injection of 5.0 units insulin (Connaught Laboratories, Toronto) and to 
subcutaneous injection of 0.75 mgm. histamine phosphate were studied in dog 
“D”, male, weighing 24 kgm. 


TABLE 1 


Effect of Parathormone on Pavlov-pouch dog “S” 




NUM- 



AVERAGE 



STIMULUS 

TYPE 

BER OF 







EXPERI- 

MENTS 

Total 

volume 

Free 

acid 

Total 

acid 

Cl 

Pepsin 

Total 

pepsin 




cc. 

m.eq./l. 

m.eq.fl. 

m.eq.ll. 

Melt 

units 

Mett 

units 

200 grams 

Control 

3 

20.3 



160 

220.0 

5,370 

bread 

Parathormone 

2 

8.8 

48.8 

82.5 

159 

472.0 

4,020 


Post-Parathormone 

4 

13.6 


117.0 

160 

217.0 

3,470 

400 cc. milk 

Control 

3 

18.1 

77.9 


162 

133.0 

1,850 


Parathormone 

2 

6.4 


77.5 

160 

359.0 

1,650 


Post-Parathormone 

3 


57.9 


162 

138.0 

1,680 

300 grams 

Control 

3 

36.5 


131.0 

162 

89.3 

3,400 

meat 

Parathormone 

3 

21.3 

98.2 

138.0 

161 

158.0 

2,940 


Post-Parathormone 

3 

28.1 


143.0 

161 

152.0 

3,820 

0.75 mgm. 

Control 

3 

15.1 


137.0 

162 

60.7 

779 

histamine 

Parathormone 

2 

11.6 


142.0 

161 

118.0 

1,370 


Post-Parathormone 

3 

15.7 


143.0 

163 

75.6 

1,120 


TABLE 2 

Effect of Parathormone on dog “D” 




NUM- 



AVERAGE 



STIMULUS 


BER OF 







TYPE 

EXPERI- 

MENTS 

Total 

volume 

Free 

acid 

Total 

acid 

Cl 

Pepsin 

Total 

pepsin 




cc. 


m.eqjl. 

m.eq.fl. 

Uett 

units 

Mett 

units 

Sham-feed- 

Control 

3 



148 

163 

122.0 

GSHiSI 

ing 

Parathormone 

2 


118.0 

149 

162 




Post-Parathormone 

2 

208.0 

112.0 

147 

164 

92.2 


5.0 units 

Control 

3 


114.0 

144 

164 



insulin 

Parathormone 

2 

39.5 

98.9 

127 

162 

IB 



Post-Parathormone 

3 


118.0 

146 

163 

HI 


0.75 mgm. 

Control 

3 

68.2 

114;0 

136 

162 

69.8 

IH 

histamine 

Parathormone 

2 

33.5 

108.0 

134 

163 

75.7 



Post-Parathormone 

3 

64.5 

118.0 

142 

163 

89.8 



The results of these experiments are shown in table 2. The}' are similar to 
those oljtained vith the Pavlov-pouch dog in that Parathormone lowered the 
total volume of secretion. However, with the exception of the sham-feeding 
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experiments there was no increase in the concentration of pepsin following the 
administration of Parathormone. The after-effect of the hormone was not ob- 
served in this animal. The average increase of the serum calcium aftei the 
injection of 50 units Parathormone was 2.1 mgm. per cent. 

Heidenhain-pouch dog “M”. An attempt was made to olitain a standard 
response to various test meals in dog "M”, female, weighing 12.5 kgm., but the 
volume of gastric secretion was so small that this project had to be abandoned. 
The procedure finally adopted was to keep the animal on a standard diet and to 
collect and analyse the entire volume of gastric juice secreted during a 24-hour 
period. This was possible because of the sphincter in the opening of the fistula, 
which prevented the escape of fluid from the pouch. The gastric juice was 
drained from the pouch twice daily. The data collected during a period follow- 
ing Parathormone administration are shown in table 3. The volume of the 
secretion, the free and total acidities, and the concentration of chloride were 
increased after the hormone had been given. There was no significant change 

TABLE 3 


Effect of Parathormone on Heidenhain-pouch dog “M” 


PATE 

TOTAL 

VOLUME 

FREE 

ACID 

TOTAL 

ACID 

Cl 

PEPSIN 

REMARKS 


ce. 

m.eg./l. 

m.eq./l. 

m.eq./l. 

Hell unils 


2/27/40-3/2/40 

26 

8.4 

22.4 

159 

72.6 

Serum Ca 11.7 mgm. % 

3/ 3/40 

27 

9.4 

23.0 

160 

57.8 


3/ 4/40 

23 

6.3 

16.9 

161 

64.0 

25 U. Parathormone 

3/ 5/40 

37 

43.8 

66.1 

163 

84. 6 

Serum Ca 14.0 mgm. % 

3/ 6/40 

48 

56.7 

78.0 

164 

70.6 

Serum Ca 12.1 mgm. % 

3/ 7/40 

61 

84.2 

109.0 

163 

51.8 


3/ 8/40 

57 

61.6 

80.0 

161 

77.4 

Serum Ca 11.9 mgm. % 

3/ 9/40 

27 

20.9 

32.7 

161 

100.0 


3/10/40 

24 

12.5 

28.2 

158 

84.6 

Serum Ca 11.8 mgm. % 

3/11/40 

21 

7.3 

23.3 

159 

100.0 



in the peptic activity of the juice. The maximum effect on the volume of gastric 
secretion did not take place on the day follondng the administration of the 
hormone and while the serum calcium was at its highest level, but occurred 
several days after the injection, at which time the calcium concentration had 
returned to normal levels. 

The hormone was given again in an experiment not shonm in table 3; the con- 
centration of serum calcium ivas increased but the volume of gastric secretion 
was not much above control values. The third time the hormone was adminis- 
tered there was no rise in either the serum calcium or the volume of secretion. 
Therefore, since Parathormone was no longer effective, it was decided to study 
the effect of irradiated ergosterol. Twenty thousand units ergosterol per kilo- 
granijier day were given orally for eight days. As a result there was an increase 
of 0.5 mgm. per cent in the serum calcium with little change in the volume of 
secretion. The dose of ergosterol was then increased, 40,000 units per kgm. 
being given daily for four days. The animal now refused to eat, but the volume 
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of secretion was increased more than 100 per cent and the juice had all the 
characteristics of that secreted after the administration of Parathormone. The 
serum calcium was increased by about 2.0 mgm. per cent and the effect on the 
gastric secretion persisted for more than two weeks after the ergosterol had been 
discontinued. 

Effect of Parathyroidectomy . Dogs with esophagotomy and a gastric fistula. 
Dog “D” was the first of our experimental animals to be parathyroidectomized. 
One lobe of the thyroid and two parathj'^roid glands were removed on December 
10, 1940. The concentration of serum calcium at the time of operation was 
12.0 mgm. per cent. The serum calcium and the gastric secretory responses 
remained unchanged for three weeks after the operation. The third para- 
tltyroid gland was then removed and within five daj’-s the calcium concentration 
fell to 10.2 mgm. per cent. Ten days after this operation, however, the calcium 

TABLE 4 


Effect of ‘parathyroidectomy on dog “D” 




NUM- 




AVERAGE 



STIMULUS 

TYPE 

HER OF 








EXPERI- 

MENTS 

Total 

volume 

Free 

acid 

Total 

acid 

Cl 

Pepsin 

Total 

pepsin 

Serum 

calcium 




cc. 

m.eq./l. 


m.eq.fl. 

Melt 

units 

Metl 

units 

mgm. 
per cent 

Sham-feeding 

Control 

3 

190 

124 


163 

136.0 


12.1 


Post-operative 

7 

333 

131 

■BE 

165 

10.4 


7.5 


I.V. calcium 

2 

161 

119 

140 

164 

107.0 

Qgj 


5.0 units in- 

Control 

3 

166 


145 

164 

120.0 


12.3 

sulin 

Post-operative 

2 

316 


148 

165 

9.3 


7.3 


I.V. calcium 

1 

140 


143 

163 

18.0 

EB 


0.75 mgm. 

Control 

3 

71 

123 

147 

163 

73.3 


12.2 

histamine 

Post-operative 

6 

129 

123 

150 

164 

6.1 

761 

7.1 


I.V. calcium 

2 

66 

114 

142 

163 

13.0 

1,400 

11.3 


had returned to normal levels. The remaining thju’oid and parathjToid tissue 
was removed on Januaiy 20, 1941. Five days later the animal’s first tetanic 
attack occurred. The results of the experiments which were performed after 
the onset of tetany are shown in table 4. 

Thyroparathj’-roidectomy increased the duration and the total volume of 
gastric secretion. The diminution in the peptic activity of the juice was so 
marked that although the volume of secretion was increased bj’’ as much as 100 
per cent in some experiments, the total output of pepsin was less than in the 
control experiments. Five milligrams calcium (as calcium lactate) per kilogram 
body weight were given intravenousl}’’ 45 minutes before the start of the experi- 
mental period. This did not produce any salivation and did not stimulate gastric 
secretion. The volume of the gastric secretoiy response of the parath.yroidec- 
tomized animal was diminished bj^ the injection of calcium lactate. The ad- 
ministration of an equivalent amount of lactate (as sodium lactate) had no 
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effect on the secretory response. The administration of Parathormone acted 
in a manlier similar to that of calcium lactate. To exclude the possible influence 
of hypothyroidism on these results, 1.0 mgm. thyroxine was injected subcutane- 
ously. The heart-rate thereupon increased from 62 to about 110 within a few 
days. The experiments performed during the week following the injection of 
thyroxine had all the characteristics of the previous experiments. This would 
indicate that the changes in the gastric secretory response were produced by 
parathyroidectomy and not by thyroidectomy. 

In addition to the great increase in the volume of the secretion and the diminu- 
tion in the output of pepsin following parathyroidectomy, the curve of the rate 

SHAM FEEDING 

control post PftRMHYROlOECTOMY 



of secretion was altered. In the control sham-feeding experiments the peak 
of the secretion was reached in 30 minutes, whereas after parathju’oidectomj’- 
the peak was attained at the end of 45 minutes. This is shovm in figure 1. 
These observations were confirmed by experiments performed on dog “P”, male, 
weighing about 10 kgm. This animal was completely thyroparathyroidec- 
tomized in one stage. The volume of the gastric secretion in response to sham- 
feeding was increased by at least 50 per cent and that in response to histamine 
by 80 per cent. In both types of experiment the peptic activity of the gastric 
juice was of the same order as that of dog “D” after thyroparathyroidectomy 
Herdenhain-pouch dog “M”. This dog differed from dog “D” in that the 
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removal of one thyroid and two paratlijn-oids caused a slight drop in the con- 
centration of the serum calcium and an increase in the volume and acidity of 
the gasti’ic juice secreted during 24 hours on a standard diet. The removal of 
the third parathyroid further decreased the serum calcium and increased the 
volume and acidity of the gastric secretion. After about one month the serum 
calcium began to increase and this Avas reflected in the volume and composition 
of the gastric juice. Complete thyroparathyroidectomy resulted in a volume 
of secretion approximately double that of the initial control period. The con- 
centration of pepsin Avas diminished as in the case of the other thyroparathy- 
roidectomized animals. The dog had frequent tetanic seizures after the last 
operation. 

Pavlov-pouch dog “H”. Dog “H”, male, Aveighing 14 kgm., aaus completely 
thyroparathyroidectomized in one stage. The Amlume of secretion proAmked 
by meat, milk and histamine Avas increased 45 to 80 per cent folloAA'ing para- 
thyroidectomy. The peptic poAver of the juice Avas reduced to less than 20 per 
cent of the control experiments. This reduction in the pepsin concentration 
Avas so marked that, despite the increase in the Amlume of the seci’etion, the 
total output of pepsin Avas ahvays less than in the control experiments. 

Discussion. Hypercalcemia. These results indicate the great difference 
betAveen the responses of innerA'^ated and denervated gastric pouches under 
conditions of hypercalcemia. The rise in serum calcium decreases the volume 
of secretion of the former type of pouch and increases that of the latter type. 
This may possibly explain the conflicting results reported by other Avorkers. 
Although they described their fistulae as Pavlov-pouches, these ma.A'’ in reality 
have been deneiwated pouches. Austin and MattheAA'S (1) Avere of the opinion 
that the parathyroid hormone did not influence the Amlume of the gastric secre- 
tion provoked by histamine if the Avater balance of the experimental animal aa'RS 
maintained. They Avere able to shoAV that dehydration took place after the 
administration of the hormone. This Avas to haA^e been expected in their ex- 
periments because the blood calcium Avas raised far above physiological levels. 
Our experiments Avere performed at more physiological concentrations of calcium 
and eAudence obtained from experiments performed on dog "S” was presented 
to proA’^e that dehydration did not occur (2). 

We obtained no experimental eAudence AA'hich Avould explain the after-effect 
of Parathormone on gastric secretion as observed in the PaAdoA’-pouch dog, and 
also the delayed increase of secretion in the Heidenhain-pouch dog. After the 
latter animal proA^ed to be refractor^'’ to the hormone, it Avas still possible to 
increase the serum calcium by the administration of large doses of irradiated 
ergosterol; this, hoAveA^er, cannot be taken as proof that ergosterol and the 
parathju’oid hormone act in different manners. 

The expeiaments on the dog AAuth esophagotomy and a gastric fistula confirm 
the obserA’ations of Babkin, KomaroA* and Komarov (3) Avith regard to the 
effect of the hormone on the A'olume of the gastric secretion. The diminution 
in the peptic actiAdt3' AA'hich the.y noted aa-rs not obserA'cd in our experiments. 
This maj" be attributed to the difference in the methods of administration of 
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the parathyroid hormone. Their animal was subjected to frequent injections 
of large doses of the hormone, which damaged the kidneys and altered 
the chloride content of the blood. We were unable to find any change in either 
the chloride or the urea concentration in the blood of the animal used in this 
study. Another interesting fact which was observed, and wdiich has already 
been reported by Babkin (2), was that the injection of very small amounts of 
Parathormone decreased the serum calcium and increased the volume of the 
gastric seci’etion. This effect is the direct opposite of that obseived aftei the 
administration of the hormone in amounts sufficient to raise the serum calcium. 

This study of the effect of the parathyroid hormone on gastric secretion re- 
moves much of the confusion that has existed in the literature, for it has shomi 
that in the relationship between the parathyroid and the gastric glands at least 
three important factors are involved: 1, the amount and manner of introduction 
of the stimulus which affects the serum calcium; 2, the type of gastric prepara- 
tion used; 3, the method of stimulating gastric secretion. 

Hypocalcemia. The decision to subject dogs "P” and “H” to complete thyro- 
parathyroidectomy unthout first attempting a partial parathyroidectomy proved 
to be unfortunate. These animals did not survive the operation as long as those 
on whom partial parathyroidectomy had been first performed. It appeared 
that the partial removal of the glands permitted some bodilj’- adjustment that 
enabled the animals to survive subsequent total thyroparathyroidectomy ulth 
the aid of occasional intravenous injections of calcium lactate. 

One might anticipate that hypocalcemia would have the opposite effect of 
hypercalcemia on the secretion of the innervated pouch, but the similarity in 
the respective effects of these conditions of the blood on the denervated pouch 
was unexpected. Since the gastric secretion in the Heidenhain-pouch dog 
was due only to chemical stimulation, an explanation of the results might be 
found in a consideration of this factor. Carlson (5) reported that the emptying 
time of the stomach was delayed after parathyroidectomy. This would cause 
the chemical phase of gastric secretion to be augmented, which might serve as 
an explanation of our results. However, the effect of parathyroidectomy as 
observed in the dog ivity esophagotomy and a gastric fistula is not consistent 
with this view. With this type of preparation there was no chemical phase of 
gastiic secietion, yet the curve of the secretion in response to sham-feeding 
(see fig. 1) was altered after parathyroidectomjq since the peak of the secretion 
was reached later than in the normal animal. It would seem, therefore, that 
some factor was involved other than, or in addition to, the delay in the emptying 
time of the stomach. 

Dog “D” was sacrificed in the following manner. An acute experiment 
was performed in which a small piece was cut from the anterior wall of the corpus 
of the stomach. The vagi were then stimulated rhythmically udth an induction 
current for six hours. The total volume of gastric secretion during this period 
was 41 cc.— a smaller amount than is usually produced. Another piece was 
then cut from the posterior wall of the corpus. Both pieces of mucosa were 
fixed and stained for pepsinogen granules according to Bowie’s method (4). 
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The number of granules was less than in the normal animal and onlj' the cells 
in the lower half of each gland contained granules. The decrease in the numher 
of granules after stimulation of the vagi was also less than normal. Histological 
examination of the gastric glands of dogs “P”, “H” and “M” also showed less 
than the normal amount of pepsinogen granules. It may be that parathja’oidec- 
tomj^ inhibited the formation of pepsin or diminished the rate at which pepsin 
was secreted, or produced both these effects. The fact that the amount of 
pepsin was decreased in the secretion from both the innervated and the de- 
nervated type of gastric pouch would indicate that this effect of parathyroidec- 
toraj?^ was not mediated through any nervous mechanism. 

The continuous spontaneous secretion following parathju’oidectom}' reported 
by Lebedinskaia (7) was not observed in our dogs. 

SUMMARY 

1 . The administration of the parathyroid hormone (Parathormone) in amounts 
sufficient to increase the concentration of calcium in the serum approximately 
2.0 mgm. per cent had the following effects on gastric secretion: 

a. Pavlov-pouch dog. The volume and acidity were decreased and the con- 
centration of pepsin was increased in response to various test meals and 
histamine. This inhibition persisted after the serum calcium had returned to 
normal levels. 

h. Dog with esophagotomy and a gastric fistula. The volume of the response 
to sham-feeding, insulin and histamine was decreased. The concentration of 
pepsin was increased in the sham-feeding experiments. There was no after- 
effect such as was observed vdth the Pavlov-pouch dog. 

c. Heidenhain-pouch dog. The volume, acidity and chloride concentration 
were increased Avithout affecting the concentration of pepsin. The maximum 
effect on gastric secretion took place several days after the administration of 
the hormone. Irradiated ergosterol acted in a manner similar to that of Para- 
thormone. 

2. The effects of thj’-roparathyroidectomy were as follows: 

a. The volume of secretion was increased and the concentration of pepsin was 
decreased in the gastric secretory response of the Pavlov-pouch dog, the Heiden- 
hain-pouch dog and the dogs with esophagotomy and a gastric fistula. 

h. The intravenous injection of calcium lactate or the subcutaneous admini.s- 
tration of Parathormone decreased the hj'^persecretion following parathj’^- 
roidectomy. 

c. The administration of thyroxine did not affect the gastric secretory re- 
sponse. 

d. Histological examination of the gastric glands showed a diminution in the 
number and distribution of pepsinogen granules. 

I wish to express my appreciation of the invaluable advice and criticism which 
I have received from Prof. B. P. Babkin who directed this work. I also wish to 
thank Dr. S. A. Komarov for his most generous cooperation. 
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Studies on peiineability of the placenta have been made By many workers 
using various methods. The majority of this literature is reviewed b}'" Need- 
ham (1931). With the production of radioactive isotopes a new tool was 
added for these studies. First to use them in placental studies was Flexner 
and his associates who have used radioactive sodium in the form of NaCl in 
experiments on different t 3 '’pes of placentae, among wliich may be cited the 
work on the rat (1939, 1941). . 

In a recent paper Huggett (1941) has 1-eviewed the general subject of the 
nutrition of the fetus. In this re\dew^ the placental transfer of hpids has been 
discussed quite adequatelJ^ That there has been and stiU is considerable 
disagreement concerning the manner in which lipids reach the fetus is evident 
from this report. Most of the data forming the bases for this reported work 
are derived from the allantoic placenta alone, but there are several reasons 
for believing that the jmlk-sac placenta of rodents should be considered in all 
placental studies as an important adjunct, or perhaps even a separate entity in 
the general phj’siologj'- of the fetus. 

The present studj’' was begun in an effort to cast further light on the problem 
of the permeabilit}^ of the placenta of the white rat to phospholipid. 

Methods. In the present studj’^ a comparison was made of the amount 
of radioactive phospholipid that could be recovered from two groups of fetuses 
after a limited time interval follovdng intravenous injection of the mothers of 
the one group with inorganic and the mothers of the second group Mth 
tagged phospholipid. This is essentiallj’^ a measurement of the amount of 
radioactive phospholipid in the fetuses at a certain time, and not a direct meas- 
urement of placental transfer, but the permeabilit}’^ of the placenta can be 
inferred indirectR^ bj^ this method. 

Haven and Bale (1939) studied the fate of tagged phospholipid injected intra- 
venousl}’’ into the rat and showed that it increases in the liver and spleen up 
to 2.5 hours. From then on mobilization occurs and the phospholipid fraction 
of these organs decreases as acthdty increases in the intestinal tract, bones 
and excreta. In Anew of these findings and those of Perlman, Ruben and Chai- 

* Supported by a grant from the Wisconsin Alumni Research Foundation. 

- Now of the Department of Anatomy, Washington Universitj', St. Louis. 
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koff (1938) on tke synthesis oi tagged phospholipid iollovdng injection of in- 
organic it was decided in the present study to extract the fetal phospho- 
lipid before the general mobilization of the injected phospholipid occurred in 
the pregnant mothers. This mobilization may be a simple movement of the 
originallj'^ injected material or it may be a movement of resynthesized lipid, or 
both. The extracting of the fetal phospholipid was carried out in the present 
work 2 hours after injection into the maternal circulation in the belief that in 
this time there would be but a small amount of res 5 mthesis and mobilization 
in the maternal organism. 

Radioactive phosphorus was prepared in the pressure electrostatic generator 
of the Department of Plij^sics and made ready for injection by the Department 
of Chemistry of the University of Wisconsin. The material was present then 
as very small amounts of neutral phosphate. Phospholipid containing P®= 
simthesized into the molecule was extracted from the pooled livers, intestines, 
kidneys and spleens of adult white rats which had been previously fed P^h 
Each of these rats received 1 or 2 cc. of the phosphorus solution of a knoim 
radioactivity by stomach tube, followed immediately by 1 cc. of cod liver oil. 
They were sacrificed after 6 hours and the extraction and isolation carried out 
after the method of Bloor (1929). That tagged phospholipid could be obtained 
in this manner had been previously demonstrated by Perlman et al. (1938). 
The phospholipid was made into an emulsion suitable for injection by grinding 
it in a mortar vdth saline solution. The weight of the phospholipid was known 
and from this was calculated the amount of phosphorus present bj’- assuming a 
P content of 3.8 per cent. 

A. total of 37 pregnant rats was used in this study, and from these 321 fetuses 
were obtained and anab^zed. The gestation age was known for some, the 
age of others was determined by using Stotsenburg’s data (1915) with compari- 
son to fetuses of known age. 

The inorganic P^- was supplied at different intervals and the radioactivity 
varied from sample to sample. The number of [animals that were injected 
with material from any one sample was dependent somewhat on the amount of 
radioactive material in the sample, and hence the number of animals injected 
at any one time varied with the different samples. From tables 1 and 2 it is 
possible to calculate the activity with which each animal was injected. Each 
animal received 1.6 cc. of material injected into the tail vein. Each received 
essentially the same amount of phosphorus, whether as inorganic or as phos- 
pholipid. 

Twelve pregnant rats were injected with tagged phospholipid giving a knoini 
number of counts per minute. Ten others were injected udth an inorganic 
phosphate solution of known radioactivity. After a lapse of 2 hours the mothers 
were sacrificed, and the fetuses removed from the uterus in their membranes 
and separated from these by an electrocauteiy. This prevented contamination 
of the samples by maternal blood and also prevented any loss of fetal blood 
All but one of the fetuses from each animal were pooled before being analyzed- 
one fetus was preserved for age determination. These pooled fetuses were 
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immediatelj’- macerated by grinding mth ground glass, extracted with ether- 
alcohol, and the phospholipid isolated following the method of Bloor (1929). 
The phospholipid was transferred to a watch glass and the radioactivity of the 
sample was determined with the use of a Geiger-iN'Iuller counter of the Depart- 
ment of Chemistry, and corrections made for background and decay. 

Results. The basic data from these two groups, one injected vith inorganic 
P^- and the other vath tagged phospholipid, are iiresented in table 1. Com- 

TABLE 1 

Basic data on rats injected with inorganic P^- (tipper) and tagged phospholipid (lower) 


Fetuses analyzed 2 hours after injection. “Activity” refers to counts per minute as 
determined by the Geiger-Miiller counter. 


GEST. AGE 

ADULT WT. 

FETAL WT, 

FETUSES 

ANALYZED 

PHOSPHOLIPID. 

kecov'd. 

ACTIVITY 

inj./gm. 

ADULT 

ACTIVITY 

RECOV./Gil. 

LIPID 

RATIO R/i 

Injection of inorganic into pregnant rats 

days 

srams 

grams 


gram 




15 

342 


9 


871 

1201 

1.38 

16 

241 


7 


186 

273 

1.47 

16 

312 


10 


954 

1034 

1.09 

17 

449 

2.S5 

4 


474 

728 

1.54 

17 

323 

S.30 

10 


217 

302 

1.39 

17 

354 

5. so 

s 


148 

268 

1.81 

IS 

34S 

S.4S 

8 


361 

489 

1.35 

IS 

365 

9.45 

9 

0.1164 

311 

376 

1.21 

21 

215 

11.30 

3 

0.1954 

968 

876 

0.91 

22 

332 

25.15 

8 

0.4029 


1169 

1.06 


Injection of tagged phospholipid into pregnant rats 


16 

263 

2.60 

8 

0.0487 

310 

20 

0.064 

16 

309 

3.00 

9 

0.0630 

1632 

50 

0.031 

IS 

288 

13.90 

13 

0.2863 

127 

36 

0.281 

18 

261 

7.88 

7 

0.1266 

139 

77 

0.547 

18 

260 

9.70 

9 

0.1467 

140 

9 

0.065 

18 

271 

8.85 

8 

0.1054 

135 

193 

0.146 

19 

313 

18.80 

11 

0.3316 

2867 

180 

0.063 

19 

263 

13.35 

7 

0.2052 

3075 

134 

0.044 

20 

370 

17.45 

11 

0.2259 

986 

100 

0.101 

21 

264 

23.10 

8 

0.3740 

3052 

131 

0.043 

22 

321 

38.75 

9 

0.5715 

2795 

748 

0.267 

22 

348 

40.50 

10 

0.7995 

2573 

192 

0.075 


parison of the two groups was made from the ratios of the activity recovered 
per gram of fetal phospholipid to the activity injected per gram of adult. Fetal 
phospholipid had a much higher ratio in all instances when inorganic P^- was 
injected into the mothers than when tagged phospholipid tvas injected. The 
data have been analyzed statisticallj’- and the means vath the standard errors 
for the two groups are as follows: after injection of P“, 1.32 ±0.08; after injec- 
tion of tagged pho.spholipid, 0.147 ±0.045; and the difference between the means, 
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1.173 ±0.092. Eacli group included analyses of fetuses of difierent gestation 
ages ranging from 15 days until term. The data indicate no definite tiend from 
which conclusions could be made on phospholipid transfer or metabolism at 
these different ages, although a larger sample may do so. ^ 

A third group of 15 animals was taken and each injected nfith inorganic P^-. 
Four of these were sacrificed at the end of 1 hour, five at the end of 3 hours, 
and five at the end of 6 hours and the fetal phospholipid was extracted and 
isolated (table 2). One animal delivered normally 5 hours after injection; the 
results on this case are higher than on those allowed to go 6 hours and may 
possibly be due to maternal blood contamination of the sample. These data 


TABLE 2 

Basic data on rats injected with inorganic P^- 


Fetal phospholipid extracted at different time intervals after injection of the pregnant 
mothers. Further explanation in table 1 and text. 


GEST. AGE 

ADITLT WT. 

FETAL WT, 

FETUSES 

ANALYZED 

PHOSPHO- 

LIPID 

recov'd. 

ACTIVITY 

INJ./GM, 

ADULT 

ACTIVITY 

recov'd/gm. 

LIPID 

RATIO R/I 

1 

HOURS 

AFTER 

INJECT. 

days 

17 

grams 

2S4 

grams 

6.75 

11 

gram 

0.1530 

734 

1 252 

1 

0.34 

1 

19 

343 

22.45 

13 

0.3959 

1067 

590 

0.55 

1 

19 

302 

15.15 

9 

0.1893 

1 705 

1253 

1.78 

1 

21 

350 

35.60 

11 

0.5361 

987 

551 

0.56 

1 

17 

332 

6.65 

9 

0.1291 

1012 

2378 

2.35 

3 

17 

345 

5.00 

9 

1 0.0828 

612 

1833 

3.01 

3 

19 

292 

, 17.60 

10 

0.2359 

728 

1913 

2.63 

3 

19 

355 

19.20 

10 

0.3140 

1001 

2063 

2.05 1 

3 

20 

301 

7.80 

1 

7 

1 

0.2735 

708 ' 

2654 

3.75 ' 

1 

3 

19 

350 

8.15 ’ 

1 

5 

0.1445 

610 

3907 

6.41 

5 

IS 

627 

2.13 

7 

0.0603 

551 

1782 

3.23 

6 

20 

246 

9.10 

5 

0.1636 

859 

3590 

4.18 

6 

20 

332 

15.40 

9 

0.2303 

562 

3234 

5.75 

6 

20 

386 

22.90 

12 

0.3777 

922 

3833 

4.16 

6 

21 

329 

30.70 

8 

0.5213 

1110 

2980 

2.68 

6 


indicate that relatively much more tagged phospholipid can be synthesized by 
the fetus in 1 hour following injection into the maternal circulation of inorganic 
P^- than can be formed in 2 hours if tagged phospholipid is injected. These 
figures also show a constant increase in the removal of P®- from the fetal blood 
and sj nthesis into tagged phospholipid over the time studied. 

Percentage phospholipid was quite constant over the period studied, ranging 
generally from 1.5 per cent to 1.7 per cent of the total fetal weight. 

Discussion. Impressively greater synthesis of P^^ into fetal phospholipid 
follomng injection of inorganic into the mother as compared with the pres- 
ence of much smaller amounts of the tagged element in the fetal phospholipid 
after tagged phospholipid is injected into the mother appears to justify the 
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conclusion that the placenta of the rat is relatively impermeable to the phos- 
pholipid molecule in the last 8 days of gestation. As pointed out bj'- Needham 
(1931) if the lipid molecule can pass the placenta even veiy slowl}^ its passage 
ma}^ be difficult to demonstrate b 3 '’ the usual methods, but the placenta may, 
even so, be permeable to sufficient quantities to supply the fetal needs. The 
present study does not settle the point as to whether the placenta is wholl}’- 
impermeable to phospholipid as such, but it does indicate that the transfer of 
the lipid is extremely slow. ^ 

The appearance of the P^- in fetal phospholipid follovdng injection of tagged 
phospholipid into the mother ma 3 ’' be explained on three bases: 1, that there 
was some placental transfer of the intact molecule; 2, that there was a breakdovm 
of the lipid and transfer of a smaller molecule and resynthesis on the fetal side; 
3, that both processes occurred. The presence of P®- in the fetal lipid after in- 
jection of inorganic P^- into the mother might possibl 3 '- be explained on the basis 
of S3mthesis into phospholipid b3’' the maternal organism and transfer as such 
across the membrane. This is probabh'’ not the manner in which most of the 
P^- in the fetal lipid arrived there. Rather it is more likel 3 ’' that most of the P^- 
passed the placental membrane in a smaller molecular form and was S3mthesized 
b 3 '- the fetus into phospholipid. That i-elativel 3 ’- much more tagged phospho- 
lipid can be S3mthesized b3^ the fetus in 1 hour following an injection of inorganic 
P^- than is present in 2 hours after an injection of tagged phospholipid lends 
weight to the theoiy that most of the P®- gets to the embryo in the inorganic 
form. The lack of an 3 ’’ definite trends in the phospholipid metabolism of the 
fetus in the last 8 da 3 '-s of gestation ma 3 ’- well not be significant but due in the 
main to the small number of animals studied. 

Haven and Bale (1939) hai^e shown that in 2.5 hours after injection of radio- 
active phospholipid as much as 60 per cent of the injected activit 3 '' ma 3 ’' be 
recovered from the phospholipid of the liver and spleen. Just how much of 
this is immobilized b 3 '' being active^ phagoc 3 dosed in these organs is not knovu, 
nor are data immediatel 3 ' available on the amount of tagged phospholipid re- 
maining in the blood stream at various intervals after injection. That phago- 
C 3 dosis is a complicating phenomenon in the present studies is recognized. 
However, it is interesting to note the work of Dols, Jansen, Sizoo and Baren- 
dregt (1938) on the results found after injecting inorganic P®- into the blood 
stream of rats. These workers showed that vithin one-half hour the injected 
P^- had entireh’^ disappeared from the blood in some cases; at most the 3 '' found 
but 16 per cent of the injected P®- still present in the whole blood. On the basis 
of the work of these two groups of investigators it is not likel 3 ^ that the differences 
found in the present work can be explained on the basis of phagoc 3 dosis of 
the injected phospholipid before it became available to the fetus. 

CONCLUSION 

With the aid of radioactive phosphorus as an indicator the tagged phospho- 
lipid eontent of the fetus has been studied in the last 8 da 3 ’^s of gestation. On 
the basis of differences in P^- content in the fetal phospholipid following injection 
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of inorganic or tagged phospholipid into pregnant rats it appears that 
placental transfer of the phospholipid molecule as such is a very slow process. 

I am indebted to Drs. H. W. Mossman, W. van Horne and R. A. Groat for 
suggestions and help ivith the methods involved, and especiallj’’ to Mr. T. P. 
Kohman for the preparation of most of the P®- and for much critical advice on 
technical methods and analysis of the data. 
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It has been shot\Ti in preceding publications from this laboratory (1) (2) that 
in the frog’s gastrocnemius muscle, stimulated through its motor nerve, the 
electrical state which gives rise to the action potential is of polar nature, i.e., 
consists in the simultaneous appearance of regions at which the potential is 
positive and of other regions at which the potential is negative, vith respect to 
the potential of resting muscle. Because of instrumental limitations at the 
time, these experiments were not sufficiently refined to reveal certain important 
characteristics of the potential distribution such as the total number -and loca- 
tion, at any one time, of the regions of positive and negative potentials and the 
possible motion of potential maxima along' the long axis of the muscle. The 
substitution of cathode raj- oscillographs and high gain, direct current amplifiers 
for string galvanometers, has made it possible to obtain this more detailed in- 
formation. The work has also been extended to include observations on other 
skeletal muscles of the frog, including the sartorius, semimembranosus and 
biceps. 

Methods. The excised muscle, wth its motor nerve, is fastened by its two 
ends to a fiber block in such a manner that contraction, induced by stimulation 
through its motor nerve, is nearlj’’ isometric. The block is placed at the center 
of a circular dish and the dish filled with Ringer’s solution until the muscle is 
about half immersed. In experiments concerned with details of the potential 
distribution on the muscle surface, the muscle is mounted on a multielectrode 
block described in a previous communication (2); otherwise a plain block is 
used and potentials recorded bj'- means of wick electrodes placed in contact with 
the muscle surface. 

Two t 3 ^pes of potential-time curves, unipolar and differential, are recorded 
singh' or together depending upon the type of experiment. The unipolar 
potential-time cuiwe is derived from a single electrode in contact vith the muscle 
surface and a second electrode placed at the margin of the field on a line which is 
at right angles to the long axis of the muscle at its middle. Under these circum- 
stances, the potential of the marginal electrode is affected to a negligible degree 
b.y potential changes at the muscle surface and the potential-time curv^e obtained 
is a record of the potential changes, with time, of the muscle surface under the 
electrode on the muscle. The reference potential taken in all cases is that of 
uninjured resting muscle. 

’ Supported in part by a grant from the Wisconsin Alumni Research Foundation. 
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The differential potential-tinre curve is derived from two electrode contacts 
close together on the muscle surface. Two zinc-zinc sulphate electrodes, pio- 
\'ided with a common nick and mounted in a holder, are emplo 3 ’’ed, the nick 
being kept in the form of a V by a narrow celluloid strip attached to the electrode 
mounting and bent to exert tension on the nick. The apex of the V is applied 
to the muscle surface. The celluloid strip aids in preventing movement of the 
electrode on the muscle when it shortens. In experiments in which unipolar 
and differential potential-time curves are recorded simultaneously, a differential 
electrode is used nith the addition of a single nick electrode placed at the margin 
of the field, as described above. Leads from one of the pair of electrodes of the 
differential electrode and from the marginal electrode, serve for recording the 
unipolar curve along nith the differential curve. 

The recording of the potential-time cui’ves is carried out b}’’ means of two 
direct current amplifiers and cathode ray oscillographs and a camera supplied 
nith photographic film. The amplifiei-s are of high gain and have an amplitude- 
frequency response flat within one decibel from 0 to 14,000 cycles per second. 
The oscillograph trace has sufficient photographic intensity to allow single ex- 
posure recording at a speed adequate for accurate measurements of the curves. 
The speed of recording is such that 1 mm. horizontal distance on the record 
corresponds to time inten'^als of 1 or 2 msec., the exact relation being adjusted 
to the experimental requirement. Records are made on stationaiy film, the 
time axes being supplied by linear electrical sweeps. The sweep voltages for 
both cathode ray tubes are supplied in sjmchronism nfith a condenser discharge 
type of stimulating current from a single instrument. The stimulating current 
may be varied as to duration, amplitude and as to position in the sweep. The 
two sweeps may also be synchronized so that events on two cinwes recorded 
simultaneously may be related with respect to time. These relations are ac- 
curately determined from the recorded curves by the use of a magnif 3 dng com- 
parator provided vfith micrometers. 

The relations between unipolar and differential potential-time curves. These 
two curv^es were recorded together fi’om the gastrocnemius and semimem- 
branosus muscles of the green frog, and from the gastrocnemius, sartorius and 
biceps muscles of the bull frog. Examples are given in figures 1, 2 and 3. The 
upper curves are the unipolar, the lower curves the differential potential-time 
recoids. Thiee examples (a, b and c) are given for each muscle, representing 
the most usual type of relations that occur between the tivo curves. Vertical 
lines are drawn through the peaks of the differential curves to designate coin- 
cident time points on the two curves. Figures 1 and 2 are from the gastroc- 
nemius and semimembranosus muscles respectively of the green frog, and 
figure 3 is from the sartorius muscle of the bull frog. 

Detailed examination of these curves brings out the following characteristics: 
1. Ihe general form of the two curves and their relations to each other are 
fundamentally the same for the different muscles studied. 2. Both the unipolar 
and differential cmves, derived from any surface region of the muscle, are either 
diphasic or triphasic. In the case of the unipolar curve, this indicates that the 
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region under the electrode changes its electrical polarity, with respect to the 
potential of resting muscle, two or three times during the action potential 
period. The first phase ma}'’ be positive or negative with respect to this refer- 
ence. The potential at the region then reverses in sign and gradually returns 
to the potential level of resting muscle, to form a diphasic cuive, or shows a 
second reversal to form a triphasic cuiwe. 

3. In most instances the pealcs of the two cuiwes are not coincident, but the 
peaks of the differential curve fall within the periods of the unipolar curve which 
indicate that the potential of the region is changing. Thus in figure la, the 
fii’st peak of the differential curv'^e falls during the period in which the initial 
positive potential of the region is growing (as indicated bj'' the do-wnstroke on 
the unipolar curve) and the second peak of the differential cun'^e occurs at the 




Figs. 1, 2 and 3. Unipolar (upper curves) and differential (lower curves) potential-time 
curves recorded simultaneously from the gastrocnemius (fig. 1) and semimembranosus 
(fig. 2) muscles of the green frog and from the sartorius muscle of the bull frog (fig. 3). 
Vertical lines are drawn through the peaks of the differential curves. For discussion, 
see text. 

time when the potential of the region is changing rapidly from a positive to a 
negative value. 

4. All periods during which the potential of the region is changing, as indicated 
by the unipolar curve, are accompanied b 3 '^ peaks on the differential curve, e.xcept 
the first potential change when the unipolar curve is triphasic, as shown in 
figures lb, 2b and 3b, and during the final period of potential change (following 
the final peak of the unipolar cun’^e), regardless of whether the curve is diphasic 
or triphasic, as showm in all the cuiwes of figures 1, 2 and 3. 

The significance of the relations between the unipolar and differential poten- 
tial-time cuives, recorded simultaneous^, as described above, will be considered 
in the discussion. 

The potential distribution along the long axis of the gastrocnemius and semi- 
membranosus 7nusclcs. For the determination of the potential distribution, a 
series of calibrated unipolar curves is recorded from 18 to 25 separate regions 
along the long axis of the muscle. The multielectrode block used in previous 
experiments was emplo 3 'ed for this purpose (2) . In order to determine further 
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the instantaneous potential distribution at any given instant 
potential period, a constant unipolar curve from some one repon on the muscle 
Lrface was recorded along with the unipolar curves from the various surface 
regions along the long axis of the muscle. By using a peak of the constant curve 
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Figs. 4 and 5. Unipolar potential-time curves recorded from surface points along the 
long axis of the gastrocnemius (fig. 4) and semimembranosus (fig. 5) muscles of the green 
frog, beginning at the proximal and ending at the distal ends of the muscle. The horizontal 
lines represent the potential of the resting muscle. For discussion, see text. 


as a reference point, the potentials at the various regions for different time in- 
stants during the action potential period may be deduced in a manner described 
below. 

In figure 4 there is given a series of unipolar curves from 18 equall}’" spaced 
regions along a gastrocnemius muscle beginning at the proximal and ending at 
the distal end of the muscle. To conserve space, the reference curve recorded 
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along with each one of these curves has been omitted. The horizontal hnes 
represent the potential level of the muscle Avhen at rest. A movement above 
this line represents a negative potential, a movement below" this line a positive 
potential, at the region of the electrode contact, and with respect to the potential 
of the inactive muscle. In the first three regions, passing along the muscle from 
the proximal tow^ard the distal end, triphasic curves are obtained, showing that 
these regions are at first positive, then negative and develop a final second posi- 
tive phase shortly before the action potential ends. The curve from the fourth 
region is diphasic; the initial positive phase has disappeared and the region is 
first negative and then positive ■with respect to resting muscle. Progressing 
further along the muscle, both of these potentials increase in amplitude and 
somewdiat be 3 '’ond the middle of the muscle (8th curve of the figure), an initial 
positive phase appears, followed bj" a negative and a final second positive phase, 
to constitute a triphasic curve as aboA^e. Succeeding this, the final positive 
phase disappears and the cm-ves are again diphasic; the regions are at first posi- 
tive and then negatwe.wdth respect to resting muscle. This continues, along 
wfith gi-adual decline of both potentials, to the distal end of the muscle. In 
terms of polarity of the different regions along the muscle from the proximal to 
the distal end, w"e have, -1 — h, d b, d — . 

Similar studies, carried out on the semimembranosus muscle of the green frog, 
show" a similar polar distribution of potentials along the muscle, w"ith certain 
regions show"ing potentials above, and others below", the potential of resting 
muscle, and w"ith similar reversals of polarity. The only difference appears in 
a somew"hat greater complexity in the semimembranosus, in the sense of a larger 
number of regions in w"hich transitions through triphasic curves occur. Figure 
5 shows a series of unipolar curves from 25 separate regions along the semimem- 
branosus from the proximal to the distal end of the muscle. Beginning at the 
proximal end and expressing the polarities at the different regions, as aboA"e, we 
have, d — , d b, — b, d b, d — , d b, — bj d b, d — • 

It is to be noted that the data as presented in the tw"o preceding sets of records 
give the potential changes at the various regions of the muscle surface throughout 
the whole period of the action potential as a function of time. It is possible to 
handle the experimental records in another manner, such that the instantaneous 
potential distribution along the long axis of the muscle for any given time instant is 
obtained. In this case, the potential distribution is a function of the position 
along the muscle, time being held constant. In the first case (as presented 
above), there is given the potential distribution in time at any given region, 
w"hile in the second case (to be described beloAA"), there is given the potential 
distribution along the muscle at an 3 " given time. The method of anatysing the 
data, Avhich w"ill now" be given, while a rather long and tedious procedure, has the 
important feature of giA"ing a A"isualization, not onty of the potential distribution, 
but also of the number and times of spatial movement of potential maxima 
(positive or negative) that ma 3 " occur. In this anal 3 "sis the calibrated unipolar 
cuiwes from the A"arious surface regions, each with its constant reference curve, 
are divided arbitrarih" into some 25 to 30 equalh" spaced time instants and the 
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potential at each region for each time instant measured. The data so obtained 
-are plotted along the long axis of the muscle for each of the time instants. 
Figures 6 and 7 are representative plots for the gastrocnemius and semimem- 
branosus muscles respectively. The ounces on the left of the figures are rediaw- 
ings of the constant reference cunm and the vertical lines drarni through these 
cun’^es represent the instants during the action potential period for ivhich the 
particular potential distribution along the long axis of the muscle is drawn. 
The time following the onset of the action potential is given in seconds to the 
right of each graph. The horizontal lines in each graph represent the potential 
of resting muscle. Plottings above this line represent negativity, those below 
positivity, with respect to this potential reference. Each graph thus represents 
the potential distribution along the muscle at the particular time instant after 
the beginning of the action potential period as indicated by the figure to the 
right. Further details as to the significance and analysis of these graphs wfill 
be given in the discussion. 

Discussion. A large part of the work on the action potentials of skeletal 
muscle that is found in the literature has been carried out on isolated curarized 
muscle stimulated directly. Curarization was done ufith the idea of preventing 
the stimulation of the muscle through its nerve supply. There is no question 
however that curare produces marked alteration in the physiological response 
of muscle and that its action is not confined to paralysis of the motor end plates. 
The normal physiological response of skeletal muscle occurs with intact nervous 
connections and as a result of impulses reaching it through its motor nen’^e. 
This has been recognized by some workers, notably Fulton (3), who states “we 
cannot expect to study the physiological behavior of electrical responses on 
curaiized muscle. The action current of an intact muscle stimulated through 
its motor nerve must be the object of our stud^, whatever other inconveniences 
it involves.” 

Attempts at the interpretation of the electrical state existing in active skeletal 
muscle have been carried out, with few exceptions (4), bj^ recording one of two 
types of leads, two leads from the surface of the muscle, spaced a considerable 
distance apart (“bipolar leads”) , or one lead from an injured region on the surface 
of the muscle or from the tendon, the other from an uninjured surface region 
(“monophasic action potential”). Since in a bipolar lead a given deflection in 
the cun^e may result from a potential change of one sign under one electrode, 
or a potential change of the opposite sign under the other electrode, and since 
it is impossible to distinguish between these, the curve cannot be used for an 
analysis of potential distribution. The “monophasic action potential” in heart 
muscle has been shomi to be an entirely different phenomenon than it has been 
previously assumed to be, and not indicative of a fall of potential at the “active” 
or “different” electrode on the uninjured region (5). Miat it represents in 
skeletal muscle has not been demonstrated, and interpretation of the normal 

action potential based on such leads, must, at the present time, be seriously 
questioned. 

In the following discussion of the experimental results described in the preced- 
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ing section, it is important to have clearlj'- in mind the significance of the unipolar 
and differential potential-time curves as recorded from the muscle surface and of 
certain relations that exist between these two curves. The unipolar potential- 
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Fig. 6 

Figs. C and 7. Instantaneous distribution of potentials along the surface of the gastroc- 
nemius (fig. 6) and semimembranosus (fig. 7) muscles of the green frog at different times in 
the action potential period. The horizontal lines represent the potential of resting muscle. 
For discussion, see text. 


time cuiwe is a record of the potential variations of the muscle under the electrode 
with time and with respect to the potential of the muscle during the resting 
state. Peaks represent potential maxima, positive or negative, and the slopes 
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of gradients of the cui-ve represent the time rate of change of potential in the 

region. _ . r i 

The differential potential-time cur\’^e, derived from two points on the muscle 

surface close together, is a record of the potential differences between these two 
points vdth time. For the record to be a differential potential-time curve the 
points must be sufficiently close together such that at anj’" instant the potential 



Fig. 7 


.01113 


variation between the two is linear or nearly so. If this condition is met, the 
potential difference between them at any instant is proportional to the electrical 
gradient existing between the two points at this instant. Since the current 
density is equal to the product of the electrical gradient and the electrical con- 
ductance, this potential difference, whose time variation is the differential record 
IS proportional to the current flow between the two points. The differential 
curve IS therefore a measure of variations, vith time, of current flow in the region 
betM een the two contacts of the electrode. Periods of maximum flow of electrical 
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current are coincident Yuth peaks on tlie differential curve and slopes or gradients 
of the curve represent the time rates of change of current flow in the region. 

It may be shoym mathematically (see appendix for mathematical treatment) 
that certain time relationships between the peaks of the differential curve and 
the time gradients of slopes of the unipolar curve, and certain similarities or 
dissimilarities in the shapes of the two curves, can occur only if the change in 
potential distribution from one instant to the next occurs in certain specific 
wa 5 ’'s. In order to discuss this matter, it is necessary to consider the waj^s in 
which the potential distribution on the surface of the muscle varies from time to 
time. In figures 6 and 7, anj’’ one of the set of curves is a graph of the potential, 
relative to that of the resting state, during one instant of the action potential 
along the long axis and surface of the muscle. We may speak of this graph as a 
potential function, since it expresses the potential at the instant as a function 
of the distance along the long axis of the muscle, vdth respect to the potential 
of the muscle in the resting state. Certain regions are negative, while other 
regions are positive. In any positive region there vdll be a point, represented 
b}’’ a peak on the unipolar curve, when the potential is maximum in the region. 
Like-wise in a negative region, there vdll be a curve peak corresponding to the 
maximum negative potential. The potential distribution maj’^ change from 
time to time throughout the period of action potential in two ways. Grovdh 
or decline of the potential may take place vdthout any shift of peaks, or it may 
be associated vith displacement along the muscle of the potential maxima. 
Both types of beha-viour are apparent in figures 6 and 7. In the first circum- 
stance the potential function is nonpropagated, i.e., it shows growth or decline 
in amplitude but the maxima do not shift from one instant to the next. In the 
second circumstance, the potential function is propagated; along -with growth 
or decline in the amplitude of the potential function, there is motion of potential 
maxima from one instant to the next. 

Mathematical considerations show that in an electrical state characterized 
bj^ a non-propagated potential function, the shape of the unipolar and differential 
potential-time curves vill be similar and their peaks coincident. The converse 
is also tnie; similar curves and coincident peaks occur only if the potential func- 
tion is non-propagated. If, however, the magnitude of the differential curve 
at each time instant is proportional to the slope of the unipolar curve, the 
potential function is propagated and shows neither growth nor decline. Under 
these circumstances, the differential curve is the first derivative -^^th respect to 
time of the unipolar curve. The peaks on the two curves ■^^'ill not be coincident, 
but the peaks on the differential curve will occur during the periods on the uni- 
polar curve which indicate that the potential is changing and -will be of a mag- 
nitude proportional to the time rate of change of potential. If the potential 
function is propagated and also growing or declining, or if the velocity of propaga- 
tion is not constant, the situation is more complex, and the relation described 
between the unipolar and differential curves is true only to a first approximation. 

In previous work reported from this laboratorjy unipolar and differential 
potential-time curves were recorded simultaneous^ from the surface of the 



ACTION POTENTIALS OF FROG SKELETAL JltlSCLB 


685 


auricles and ventricles of the dog and turtle heart (6) (7). The relation be- 
tween the two indicated that the potential function is a propagated one through- 
out the QRS period of action potential. Peaks appear on the differential curve 
coincidently with each gradient on the unipolar curve and the amplitudes of the 
peaks are approximately proportional to magnitude of the gradients. That the 
potential function in the heart is a propagated one was also shown by mapping 
the potential field on the surface of the ventricle of the turtle. 

The relationship between differential and unipolar potential-time curves from 
skeletal muscle, as described in the present communication, does not fall wholly 
in one category or the other and would indicate that in this case we are dealing 
\rith a potential function which is in part non-propagated and in part propagated. 
At the very beginning of the action potential period and during approximately 
the last half, the relationship predicts a non-propagated potential function, 
while the first half, with the exception of the beginning, it predicts the existence 
of a propagated potential function during this period. These predictions, based 
on the relationship between the unipolar and differential potential-time curves, 
are amply verified by mapping the potential field along the surface of the muscle, 
as will now be shown. 

The potential distribution at different time instants during the action potential 
period along the long axis of the gastrocnemius muscle (fig. 6) may be de- 
scribed as follows: The potential distribution is polar, i.e., regions of positive 
and negative potential exist simultaneously. The first three milliseconds of the 
action potential period are characterized by the development, without move- 
ment, of a region of negative potential near the proximal end and a region of 
positive potential near the middle of the muscle. The potentials in both regions 
grow in magnitude and after the tliird millisecond show movement of the poten- 
tial maxima tow'ard the distal end of the muscle, the movement continuing up to 
about the seventh millisecond. At this time reversal of polarit}’^ begins, a region 
of positive potential developing toward the pro.ximal end and a region of negative 
potential developing toward the distal end of the muscle. These grow and 
decline with little or no motion. In terms of polarity, with respect to time in 
the action potential period, the potential distribution from the proximal to the 
distal end of the muscle is expressed as, — b, H — ■ This distribution of positive 
and negative potentials is the same, except for added details as to movement 
of the potential maxima as that w'hich was derived from previous studies con- 
ceined with the potential distribution in a conducting field surrounding the 
gastrocnemius muscle. 

^ While the gastrocnemius muscle, which is relatively complex anatomically, 
gives a fairly simple picture of potential distribution, the semimembranosus 
muscle, which is described as a long straight fibered muscle (8), gives a picture 
more complex in detail but fundamentally similar in its broader aspects (fig. 7). 
The potential distribution in the semimembranosus is more complex in the sense 
of a larger number of regions of positive and negative potentials and in the 
movements of the potential maxima during a part of the action potential period 
During the fimt 2 msec, regions of positive and negative potentials appear, with 
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the follo-v^dng arrangement, starting at the proximal and proceeding to the distal 
end of the muscle; -\ — , — \-, d — , — |-- These increase in amplitude and 
show little or no motion of potential maxima. From the 3rd to the 6th msec., 
rather complicated movements of the potential maxima occur. The outer pairs 
of potential maxima move toward the two ends, while the inner pairs move 
toward the middle of the muscle. Reversals of polarities appear toward the end 
of this period, giving rise at the 6th msec, instant to the following arrangement; 
— h, H — , — }-, d — . These grow and decline with little or no motion up to 
the end of the action potential period. 

The movement or non-movement of potential maxima during certain parts 
of the action potential period, predicted from the relation between the unipolar 
and differential potential-time curves, has thus been verified in the two muscles 
in which the potential distribution along the muscle has been determined. 
There would seem to be ample justification for the conclusion that a similar type 
of movement of potential maxima occurs during the action potential period in 
the sartorius and biceps femoris muscles, and that this feature is a characteristic 
one for the skeletal muscle of the frog. The relation between the unipolar and 
differential potential time curves is the same in all four of the muscles studied, 
and our results would indicate that this relationship alone is sufficient to reveal 
this characteristic. 

It is evident from the present and preceding work that the potential distribu- 
tion which gives rise to the action potentials from the heart during its normal 
activity and from skeletal muscle Avhen stimulated through its motor nerve, are 
fundamentally similar in that they both have a polar distribution, regions of 
potentials, positive and negative respective^, vith reference to the potential 
of the inactive muscle, arising simultaneously, undergoing grovdh and decline, 
movement and reversal of polarity. Movement of potential maxima occurs 
throughout the whole of the QRS period of the action potential period in the 
heart, while this motion is restricted to the mid period of the action potential 
of skeletal muscle. I^diile movements of potential maxima occur during a part 
of the action potential period of skeletal muscle when activity is brought about, 
it is to be noted that there is no evidence to indicate a progressive wave of 
electrical involvement from one end of the muscle to the other, such as has been 
described in curarized skeletal muscle stimulated directty. 

It is quite ijossible that the finer details of the differences in potential distribu- 
tion in different skeletal muscles ma 3 ’^ depend on the innervation and the pattern 
of activation of different muscle groups. It is also possible that potentials 
developing in terminal nerve fibere or in end plates ma}'’ contribute to the total 
action potential of the muscle. Our present state of knowledge is not sufficient 
to permit an adequate discussion of this aspect of the problem. The matter of 
fundamental interest at present appears in the fact of similarities of potential 
distribution rather than in details of their differences in different muscles. 

SUMM.ARY' 

The potential distribution on the surface of the .skeletal muscle of the frog, 
during contraction brought about bj’’ a single stimulus to its motor nerve, differs 
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from that on the surface of the normally contracting heart, in that movement of 
potential maxima occurs during onlj’’ a part of the action potential period.^ This 
difference was predicted on theoretical grounds because of the observed difference 
in the relationship, in the two cases, between the unipolar and differential 
potential-time curves recorded simultaneouslj'^ from the same surface region, and 
experimentally validated by mapping the potential fields on the gastrocnemius 
and semimembranosus muscles. In the fundamental aspect of the polar nature 
of the potential distribution, the heart and the skeletal muscle are the same; 
regions of positive and negative potentials, noth respect to the potential of resting 
muscle, developing coincidentally, undergoing growth and decline, certain dis- 
placements and reversals of polarities. 

Maihemaiical appendix. Let P(x, y, z, t) represent the potential distribution in the 
conducting field for all points x, y, z and all times, 1. .‘tny unipolar lead derived from a 
point in the field xq, yo, zo, and a contact at the edge of the field will given time distribution 
record 

P(xa, ya, Za, t) 

A differential lead derived from xa, yo, Zo and a point close to it, Xo -b Ax, yo -p Ay, 2o -p As 
\s-ill give a time distribution curve represented by iV(xo, yo, zo, 0- 

By Kirchoff’s law 

■^(xo, yo, zo, t) = P(xo -b Ax, yo + Ay, zo + As, i) - P(xo, yo, Zo, t) 

Thus, at any point x, y, z, the unipolar time distribution is P(x, y, z, t); the associated 
differential time distribution is N(x, y, z, t) and 

iV(x, y, z, i) = P(x -b Ax, y -b Ay, 2 + Az, t) - P(x, y, z, t) 

If X, y, 2 are of differential dimensions, i.e., so that the variation of P(x, y, z, t) js linear 
in the region. Ax, Ay, Az may be replaced by dx, dy, and dz. 

If this is true, it may be also said that N(x, y, z, t) is equal to differential P(x, y, z, {) 
written as 

y, z, t) = dP(x, y, z, 0 or 


N(x, y, z,i) = — dx -b — dy + — dz 
dx dy •’ dz 

Lot us agree in placing the differential lead contacts to piace them always so that a line 
through the two contact points always makes the same angles with the x, y and z axes; this 
direction to be arbitrarily chosen and held fixed throughout the discussion. Let us call the 
direction cosines of this line with the x, y and z axes c^, c„ and c= respectively. Let us also 
agree to keep the separation of the two contacts constant and equal to a value L, this 
value, L, being sufficiently small as required. Then 


N (a:, y, 2, i) = 




dP , dp dp 

C-r -b Cy b C- — 

dy dz 


dx 


Case Time distribution curve of differential lead proportional to time derivative of 
tune distribution curve of unipolar lead. 

This may be represented as 
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where if is a constant of proportionalit3'’. Therefore 


dP dP dP d 

y, 0 


A general solution of this differential equation is 


P(x, y, z, t) 




where 


or + /3 + 7 = 5 

This is a purelj'^-propagated potential function and is a plane wave propagated with a 
velocity 


K 


/: 




along a line whose direction cosines are 



y 



p- 

+ -. + \ 
C„ C, 


This means that the existence of the situation defined as case 1 implies the presence of a 
purely propagated potential function. 

Case 2 . Time distribution curve of differential lead proportional to time distribution 
curve of unipolar lead. The constant of proportionality may vary from point to point. 
This may be represented bj' 


N{x, y, z, t) = fix, y, z)Pix, y, z, t) 

where fix, y, z) represents the constant of proportionality at anj"^ point x, y, z. This results 
in the differential equation 


/ 9P dP dP\ ^ , 

P I Cx — + Cj, — + c- — j = fix, y, z)Pix, y, z, t) 


A general solution of this equation for P(x, y, z, t) is 


Pix, y, z, t) = Vix, y, z)Til) 


where Vix, y, z) is a solution of the differential equation 


L 



dV dV aF\ 

j 


= fix, y, z)Vix, y, z, t) 


The solution for P(x, y, z, t) takes the form of a non-propagated function in this case. 
Therefore, the existence of case 2 implies the e.xistence of a non-propagated potential 
distribution. 

It should not be expected that the results of any actual e.xperiment will fit whollj" into 
either case 1 or 2 or that the fit in an3’- case will be any better than approximate. The 
anal3’sis is exact with respect to the conditions stipulated but should appl3^ only approxi- 
matel3' to experimental situations which appro.ximate the conditions. Its value is de- 
pendent on the experimental verification of predictions based on it. Fortunatel3% the 
instantaneous field determination method raa3" be used as a check. 
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The original purpose of this study was the elucidation of some of the inter- 
esting problems offered the continuing after-effects of electrical stimulation 
of the motor cortex (experimental epileps3’')- Thus, the mechanism of con- 
duction wliich determines the spread of these effects, and the factors which 
control the rate of their occurrence were questions which challenged explanation. 
As the stud\^ developed and expei-iments .suggested new questions that purpose 
was enlarged to include several different types of cortical responses which can 
be elicited bj^ stimulation of any cortical area. 

Among the previous publications dealing vdth some of the topics Mth which 
this paper is concerned the follovdng may be mentioned: Bubnoff and Heiden- 
hain (1881); Frangois-Franck and Pitres (1883); Adrian (1936); Bishop and 
O’Leaiy (1936); Bremer (1938); Dusser de Barenne and McCulloch (1938, 
1939); Moruzzi (1939), and Erickson (1940). The present effort attempts to 
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enlarge upon these previous contributions and also to emphasize some features 

common to various cortical responses. 

hlETHODS. The animals used were mainly rhesus monkej^s, under chloralose 
anesthesia (0.06 to 0.08 gram per kgra.). This choice was determined by the 
observation of Rioch and Rosenblueth (1935) that stimulation of the cortex 
of monkeys under that anesthetic readily results in prolonged (several minutes) 
marked motor after-effects. Occasional observations for purposes of compari- 
son were made on dogs, anesthetized also with chloralose, and on cats, undei 
nembutal anesthesia. 

One or both cerebral hemispheres were largely exposed. Small light brass 
rods were screwed into suitable regions of the remaining cranial bones. These 
rods supported firmly the stimulating and recording electrodes. Thus move- 
ments of the animal did not cause shifts of contact between the electrodes and 
the brain. 

For the study of motor responses one or two muscles were attached to mj'O- 
graphs. The muscles were gracilis, semimembranosus, quadriceps, or flexor 
sublimis digitorum. When recording from the leg muscles the femur was fixed 
by means of drills; the tendons were attached to tension myographs and the 
contractions were recorded on a kymograph. "VlTien flexor digitorum was used 
the fore-arm was fixed by means of heavy steel needles inserted into the bones 
and held by clamps; the tendons were attached via pulleys to a torsion-spring 
myograph of the Sherrington type. The beam of light from the mjmgraph 
was reflected to the back of the film used for simultaneous photographing of 
cortical electric responses from the cathode-ray oscillograph. Muscular electric 
responses were led to the amplifier by two silver needles or hy concentric elec- 
trodes of the Adrian-Bronk type. 

The electric phenomena in the cerebral cortex were recorded either from 
2 electrodes on the surface or from one applied to the surface and another in- 
serted to variable depths, usually about 3 mm. This last electrode was a fine 
silver wre, imsulated except at the tip. The surface electrodes were likevdse 
silver wires, with a small bead at the tip to insure a good contact without damage 
to the nervous tissue; they were applied above the pia. 

Capacity-coupled amplification of the electric responses was used routinety, 
and only occasional observations were made vath a direct-coupled amplifier. 
The time constant of the capacity-coupled amplifiers could be varied from 0.05 
sec., for the observation of rapid phenomena, to 0.5 sec., for the study of slower 
events. The amplified signals were led either to 1 to 6 ink- writing galvanom- 
eters and recorded on moidng paper, or they were led to 1 to 3 cathode-ray 
oscillographs and photographed.' The usual procedure was to ground the ani- 
mal by an indifierent large electrode on muscle and to lead to the amplifiers on 
push-pull. 

The stimuli were either induction shocks from a Harvard coil or, more 
conimonly, condenser discharges through a tltyratron, delivered directly or 
rendered diphasic by means of a transformer. Tlie intensity of the stimuli 
was carefully adjusted to avoid spread of the currents to adjacent remons 
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when such spread could vitiate the interpretation of the results. The stimu- 
lating electrodes were similar to those used for “surface” recording. The 
interelectrodal distances varied from 3 to 8 mm. 

Results. A. Motor Responses, a. Different types of motor responses. 
Stimulation of the motor cortex (area 4) udth weak shocks or with slow fre- 
quencies results, after a relativel 3 ’- brief latency, in contraction localized to 
certain muscles. This contraction builds up rapidty and does not outlast 
significantlj’- the period of stimulation. This first type of response may be 
spoken of as “direct,” since it is probably due to direct activation of pyramidal 
projection elements (Dusser de Barenne, 1934). The cortical region from 
which a given muscle maj"- be stimulated directly Avill be referred to as the 
“primaiy motor region,” or “point,” for that muscle. 

Relative^ weak stimulation of regions in area 4 other than the primary 
motor region for a recording muscle maj"^ lead, if sufficientlj’- iDrolonged, to the 
gradual building up of a contraction. This response again promptty subsides 
when the stimuli are stopped (cf. fig. 2). This second t3q3e of response udll 
be referred to as “indirect and unsustained.” The term “indirect” emphasizes 
that the cortical projection elements to the recording muscle are not activated 
directl 3 ’^ b 3 '- the stimuli, but indirect^, through other cortical neurons. The 
adjective “unsustained” stresses the difference between these responses and the 
third t 3 ^pe. 

Intensification or increase of the frequency of the stimuli or of the duration 
of the period of stimulation of a primar 3 ’’ motor region or of neighboring areas 
results in the appearance of the well-known tonic-clonic sequence of motor 
effects (experimental epilepsy). This activit 3 ’’, as opposed to the direct effects, 
bears little correlation to the stimuli which evoke it. Its rlndhm is largeh*^ 
independent of that of the stimuli. Instead of remaining localized it tends to 
spread. It differs from the unsustained effect in that it long (up to 5 min.) 
outlasts the period of stimulation. The continuing after-effects indicate self- 
sustained activit 3 L Cortical efferent elements may be activated indirect!}'’, 
since muscles not directl3’’ connected Avith the stimulated region readib'^ par- 
ticipate. The tonic-clonic motor sequence may therefore be referred to as 
an “indirect, self-sustained response.” 

b. The tonic-clonic sequence. If the primar 3 f motor region of a recording 
muscle is sufficientb'^ stimulated the direct effects are immediatel}'’ followed 
b}' the indirect activit 3 '’ (fig. lA). ■\ATien other areas than the primar 3 ’^ motor 
area are stimulated unsustained effects may deAmlop, folloA\ed later b 3 ' the tonic- 
clonic effect (fig. 2). Instances of pure self-sustained responses are illustrated 
in figure 3. 

As shoAA'n in figures 1, 2, and 3, the tonic-clonic sequence .shoAVS t 3 '^picall 3 '^ 
an initial period of sustained high tension. This is folloAA'ed b 3 ' comparative 
inactiAut}’. Then there appear fast and irregular phasic movements. The 
relatiA'el}’’ slow clonic bui-sts end the response. The complete sequence should 
therefore be described as tonic-depressed-phasic-clonic. For brevit}’^ the desig- 
nation “tonic-clonic” has been adopted. Many atA’-pical records AA-ere seen. 
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Fig. lA. Direct rmiscular response to stimulation of the cortex, follon-ed by typical 
tonic-clonic after-effects. Monkey. Record of left gracilis muscle. The lower signal 
indicates stimulation of the right motor leg area with induction shocks of tetanic frequency 
(coil distance; 6.5 cm.). In this and the following kymograph records the time signal 
corresponds to S-sec. intervals. 

B. Sudden change of rate of clonic contractions. Monkey, left gracilis. Stimulation 
of lower part of right motor arm area — i.e., near face area. 



Fig. 2. Indirect unsustained response followed by tonic-clonic effects. Monkey, left 
gracilis. Stimulation of right motor arm area. 



Fig. 3. Indirect (tonic-clonic) motor responses to cortical stimulation. Influence of 
intensity of stimuli. Monkey, left gracilis. Stimulation of right motor arm area with 
induction shocks of tctmiizing frequency. Coil distances: A, 7.0; B, 6.3; and C, 6.0 cm. 
In A, although there was no motor response of the recording leg muscle, the left arm showed 
a tvpical tonic-clonic response. 
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One or more of the four stages mentioned could be absent (see fig.’ IB). Slow 
clonic contractions could be interrupted bj'’ rapid phasic bursts. 

The end of the response was usuallj’’ abrupt. Without much slomng of the 
rate of clonic activity, and without any decrease in the amplitude of the con- 
tractions — indeed, with a progressive increase (fig. 3) — the response stopped 
suddenty. Occasional^, how’^ever, after the regular series of clonic contractions 
had stopped for a few^ seconds, there follow^ed 2 or 3 additional contractions. 
Occasionall}^ also, the amplitude of the clonus progre.ssivety decreased till dis- 
appearance. 

Usuallj’’ the rate of the clonic contractions slowed graduallj'" during the 
response from about 3 to 1 per sec. Not infrequently, however, the rate changed 
suddenl}'- in the course of a discharge to about one-half the previous value. 
This sudden change of rate w'as not marked by any significant modification of 
the amplitude of the contractions (fig. IB). 

c. Influence of the characteristics of the stimuli. Weak stimulation of a pri- 
maiy motor point elicited only direct effects, not follow^ed b}'- self-sustained 



Fig. 4. Influence of period of stimulation on tonic-clonic after-effects. Monke}', left 
gracilis. Stimulation of right motor leg area ■n'ith induction shocks (coil distance 6.0 cm.) 
for the following periods: A, 0.2; B, 0.5; C, 0.8; D, 2.0; and E, 5.0 sec. 

activity. Weak stimulation of regions other than the primaiy motor point 
caused no contraction of the recording muscle. Intensification of the stimuli 
resulted in progressivety greater self-sustained responses (fig. 3). 

For a given intensity and duration of the stimulating shocks a critical fre- 
quency was found, both for monke3'’s and for dogs, below' w'hich no indirect 
responses could be elicited. Thus, with shocks of moderate intensity no self- 
sustained activity follow'ed stimulation at rates less than about 10 per sec. 
With strong shocks, however, tonic-clonic responses could be produced after 
10 to 15 sec. of stimulation at rates as slow' as 3 per sec. Increasing rates of 
stimulation above the critical value (up to 120 per sec.) caused a corresponding 
increase of the amplitude and duration of the after-effects. 

Prolonging the period of application of adequate stimuli resulted, as a rule, 
in greater indirect effects (fig. 4). An optimum duration, however, was en- 
countered; long periods of stimulation resulted in reduced or absent after-effects 
(fig. 5). 

d. Cortical areas from ivhich indirect motor effects can be elicited. For refer- 



CORTICAL RESPONSES TO ELECTRIC STialULATION 


695 


ence to the different areas in the cortex of the rhesus monkej- the diagram 
of Brodmann (1905) for the cercopithecus nill be used, as adapted by Dusser 
de Barenne and McCulloch (1938). The term “motor cortex” has been em- 
ployed thus far to indicate area 4- 

Several other areas than 4 can be stimulated to bring forth tonic-clonic 
responses of a given muscle. The following general statements summarize the 
expei'imental findings. The region of the contralateral area 4) from which diiect 
responses of a given muscle are most readily elicited- i.e., the primary motor 
region— is also the region from which with a given stimulus maximal self- 
sustained results will ensue. The greater the distance between any cortical 
point or area in the same hemisphere, and the primary motor point, the more 
difficult it is to produce tonic-clonic effects on the given muscle, or the less the 
effects of a given stimulus. Although motor responses are in general more 
easily evoked by stimulation of area 4 and also quite readity from area G, stimu- 



Fig. 5. As in figure 4, but show'ing that there is an optimum duration of the period of 
stimulation. Dog. Upper record; left quadriceps, and lower record: left gracilis. Stimu- 
lation of the right motor leg area with induction shocks, as shown by the lower signals 
(coil distance 6.0 cm.). 

lation of other areas, e.g., S, 9, 1,2,5 and 7, maj'^ result in well-developed tonic- 
clonic sequences. These responses are not due to spread of current, but to spread 
of activity, since the motor effects may not begin until well after the stimuli 
have ceased. The distance from the stimulated point to the “primary” motor 
point is more important for the appearance of a motor response than the area 
to which that stimulated point belongs. 

Stimulation of the opposite hemisphere— i.e., ipsilateral to the recording 
muscle , as noted above, results in tonic-clonic movements. Maximal effects 
are seen when the point symmetrical to the primary motor point is stimulated. 
The effects decrease with the distance between the area stimulated and that 
symmetrical point. The decrease Mth distance is greater than that which occurs 
in the hemisphere contralateral to the recording muscle— i.e., the circle around 
tlie piimary motor point from which tonic-clonic responses may be elicited is 
larger than the circle around the symmetrical point in the opposite hemisphere 

Considerable variability was found among different animals with regard to 
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the spread of acti^dty from stimulation of a given area. In some animals 
motor responses to ipsilateral cortical stimulation were very readily seen; in 
others such ipsilateral effects could not be obtained. In some animals extensive 
spread took place at the contralateral hemisphere, in others the responses, e^^en 
if striking and prolonged, tended to remain localized to the muscles under 
direct control. In general, marked spread, ipsilateral and contralateral, was 
best seen in animals under light anesthesia and with the cortex freshly exposed. 
But even in similar conditions large individual differences were common. 

e. Faciliiation and inhihiiion. The description has dealt thus far with the 
results of single periods of stimulation of a “rested” cortex. The effects of 
previous on shortly following stimulation are considered here. 



Fig. 6. Summation of the effects of brief periods of repetitive stimulation. Dog, left 
quadriceps. The lower signals mark the periods of stimulation of the right motor leg area 
with induction shocks. 



Fig. 7. As in figure 6, but record from the gracilis of a monkey. See te.xt for further 
explanation. 

In a series of observations a train of stimuli was selected which did not pro- 
duce any indirect motor effects, and which usuallj'^ gave a slight direct response. 
Such stimulation was then repeated regulai-^'- at intervals of 1 to 5 sec. Within 
those intei-vals a summation of subliminal indirect effects was seen regularly. 
First the direct responses grew; and after a few applications a t 3 "pical tonic- 
clonic sequence developed. If the stimuli were continued the direct responses 
were present during and after the tonic-clonic effect. There was a difference 
betAveen dogs (fig. 6) and monkej’s (fig. 7) in this phenomenon. In dogs the 
direct res])onses wei'e greater throughout the tonic-clonic self-sustained activit}' 
and for some time afterwards than thej' were at the start. During the tonic 
period the direct contraction, superimposed on the background tension, Avas 
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followed by a brief relaxation. The observations in monkeys differed from this 
description in two features; the direct contractions during tonus were not fol- 
lowed by inhibition; they Avere decreased or absent during the clonic period. 

If the series of stimuli was prolonged after the subsidence of a first tonic-clonic 
response only large direct effects were recorded for some time (15 sec. to 3 min.). 
A second and later a third tonic-clonic reaction could then develop, similar to 

the first one. _ • r +i 

Figure 7 illustrates the influence of the intervals between stimuli on the 

amplitude of the direct effects. The record begins after a series of brief trains 
of induction shocks had been applied for 90 sec. A tonic-clonic response had 
deA^eloped and subsided. Sloiving of the series at the beginning of the record 
resulted in a decrease of the direct responses. Later acceleration produced an 
increase of these direct effects and caused the development of a second tonic- 
clonic response. 



Fig. 8. Repeated tome-clonic responses at short intervals. Dog. Upper record, left 
gracilis, and lower record, left quadriceps. Stimulation of the right leg motor area with 
induction shocks (coil distance 5.5 cm.), as shown by the signals. 

If a stimulus which caused a tonic-clonic response tvas repeated immediately 
at the end of the reaction only direct, but no indirect motor effects ensued. For 
accurate reproduction of the original effects a rest pause of 15 sec. to 5 min. was 
necessary before reapplication of the stimulus. When the tonic-clonic response 
was brief, however, the initial effects could be approximately duplicated even 
with rest intervals of only 5 to 15 sec. Figure 8 illustrates two series of responses 
obtained at short intervals in a dog. 

B. Self-Sustained Electric Responses of the Cortex, a. The electrogram of the 
primarg motor region during the tonic-clonic motor response. The electric re- 
sponses of the cortex were recorded either from Dvo electrodes (2 to 8 mm. 
apart) placed on the surface or from a surface electrode to another, insulated 
except at the tip and inserted about 3 mm. direetb'’ below the one on the surface. 
For convenience the records obtained rvith the surface leads nill be referred 
to as suiface lecords or corticograms; those obtained from surface to under- 
b'ing white matter will be called “transcortical” records. 
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Figure 9 illustrates a surface electrogram from the primaiy motor point of the 
left digital flexors, together with the mechanogram of the muscles in response 
to stimulation of the right motor cortex in the neighborhood of the recording 
electrodes. The position of the primaiy motor point was determined before 
applying the recording leads by careful, just threshold stimulation of the area. 
The electric responses during the period of stimulation are masked by the 
stimulus artifacts, quite large under these conditions. The coupling con- 
densers in the amplifier were small, so that the amplifier was lilocked only 
briefly by these large signals. The record is meaningful shortly (about 0.2 sec.) 
after the end of stimulation. In figure 10 is reproduced a record of a tonic- 
clonic transcortical response to si’^mmetrical contralateral stimulation taken 
from the left area 4 arm with the d.c. amplifier. The recording electrodes were 
chlorided to minimize polarization. The slow components of the electrogram 
are undistorted, hence the differences between this record and that in figure 9. 



Fig. 10. Transcortical record of a tonic-clonic response of area 4 arm taken wath direct- 
coupled amplification to avoid any distortion of slow waves. The period of stimulation 
(induction shocks) of the symmetrical contralateral area is shown b 3 ' the two white dots 
in A. Interval between A and B; 6 sec. Voltage ealibration: 1 mv. 


The typical self-sustained cortical response was as follows. Immediately 
after a brief period of stimulation there was silence in the corticogram. A 
series of fine, rapid (30 to 18 per sec.) oscillations then developed, increasing 
progressively in amplitude and often showing “beats” of slow period (see fig. 
11). The rapid small oscillations were followed by larger and slower (15 to 6 
per sec.) regular waves. An interval of irregular activity of larger amplitude 
then followed, in which some fast (“spike”) and slow components were present. 
These components then tended to organize as regular rhvthmic patterns with 
a progres-sively decreasing rate. Each of these patterns consisted of one or 
more .spikes and a .slow, large, “round” wave. As the response progressed 
lore was usually an increase of the number of spikes in each burst— from 
1 up to I . The end of the response was sudden and was followed hy a uniform 
electrogram m which the original spontaneous activity was decreased or absent 

amplhude "" reappeared and slowly grew to their resting 

Tliere was no obvious correlation between the early parts of the cortical elec- 
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trie responses and the mechanogram of the corresponding muscle. The large 
initial tonic contraction could begin at the time of relati\m cortical silence 
shortl5' after stimulation. Also the period of muscular quiescence betAveen. the 
tonic and the phasic stages of the mechanical response Avas not coincident 
AAuth decrease of cortical actiAdt5^ This independence of cortical response and 
motor effects during the early stages of the tonic-clonic sequence is apparent 



Fig. 11. Tonic-clonic responses from area 4 without and with motor response of the 
corresponding muscle. The records are as in figure 9. A and B show the cortical response 
to weak stimulation of the left 4 arm region; the interval between these 2 records is 1 sec. 
C to F, taken with approximately 2-sec. intervals, show the cortical and muscular responses 
to simultaneous stimulation of the left U arm area, as in A, and of the right 4 orm area. 
The latter stimuli, when tested alone, were too weak to elicit anj”^ self-sustained response 
at the recording region. Voltage calibration: 2 mv. 


in figure 9. It is likety that .subcortical centers maj^ add to or subtract fi'om 
the cortical output and thus determine the acthuty of the final common path. 

During the period of clonic contractions, on the other hand, the rhythmic 
patterns of the cortical response AA-ere correlated in rate and in amplitude AA’ith 
the muscular contractions. When the clonic contractions progressiA'^ely de- 
clined at the end of a re.sponse, there AA-a.s a similar progressiA-e decrease of the 
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I’hvthmic cortical phenomena. The more usual gradual increase and sudden 
abrupt end of the clonic muscular sequence was paralleled by a progressively 
increasing number of spikes in each of the cortical cycles and by a sudden 
end of the series. 

Although the mechanograms and the corticograms were only correlated 
during the clonic phase of the responses, for convenience the term “tonic-clonic 
sequence” wll be used also when referring to the cortical self-sustained activity. 

b. Self-sustained tonic-clonic activity in area 4 loithout movement. When stimu- 
lation of a primary motor point elicits a cortical response this response is at- 
tended b}’^ appropriate muscular movement. Stimulation of neighboring or of 
contralateral areas, on the other hand, can produce self-sustained tonic-clonic 
activity in a given region of area 4 without anj'^ contraction of the corresponding 
muscles (cf. McCulloch, 1937; Moruzzi, 1939). A suitable intermediate in- 
tensity, frequency, or duration of the stimuli has to be selected in order to obtain 
this effect; less stimulation will not cause any indirect cortical activity, although 
direct effects may be recorded; more stimulation vnll elicit indirect tonic-clonic 
movements. 

Figure 11 illustrates the phenomenon. The records are as in figure 9 from the 
left finger flexors and the corresponding primary motor point in the right motor 
cortex. In A and B stimulation of the left motor arm region udth condenser 
discharges at the rate of 60 per sec. and a selected low voltage elicited cortical 
activity but no muscular contractions. In C, the same stimuli were applied to 
the left arm motor region, but in addition the right arm motor area, near the 
recording electrodes, was simultaneously stimulated with induction shocks of an 
intensity inadequate to cause any self-sustained activity, cortical or motor, 
when such shocks were delivered alone. The combination of the stimuli resulted 
in a corticogram not veiy different from that in A and B, but it now produced a 
well-developed muscular accompaniment. 

The only differences seen between the cortical responses which evolved with- 
out movement and those which were accompanied by mechanical effects were 
quantitative. There was no specific component of the electrograms absent when 
there Avas no movement, and present when movement ensued. 

c. Tonic-clonic activity in other cortical areas than the motor area. Electrical 
records, quite similar in their general characteristics to those from area 4, may 
lie obtained by suitable stimulation from other cortical areas than area 4 (cf. 
Adrian, 1936; Dusser de Barenne and McCulloch, 1938). Tests were made, 
with positive results, on the following areas: 9, 8, 6, 1, 2, 5, 7, 22, 19, 18 and 17, 
in monkeys (see figs. 14 to 17) . In dogs and eats tonic-clonic effects rvere readil 3 ' 
recorded from any point on the e.xposed surface of the cerebral hemispheres. 

After removal of the neocortex, the hippocampus can be studied both in mon- 
kej s and in cats, especiall.v Avell in the latter where it can be readilj’' isolated from 
surrounding neocortex. In both species characteristic self-sustained cortical 
activity was elicited. Figures 12 and 13 illustrate typical responses from the 
motor area and the hippocampus of a cat. The discharges in the neocortex 
(fig. 12) Avere sloiver than those in the hippocampus (fig. 13) . The characteristic 
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alternation of a sharp quick spike wnth a sloAver rvave, shoAA^n in figure 13, Avas 
regularlj^ seen in records from the hippocampus of the cat. These components 
of the response may be similar to those reported by RenshaAAq Forbes and Mori- 
son (1940) upon stimulation of nerAm fibers from the area entorhinalis, afferent 
to the hippocampus. 

As AA'as the case in area 4 (p. 699), tonic-clonic responses in the other areas 
mentioned, if sufficientlj'- ample and prolonged, AA’^ere follcAA^ed bj'- a complete 



Fig. 12. Tonic-clonic response in the motor area of a cat. Surface electrodes. Ap- 
proximately 1-sec. intervals separate the successive strips. A^oltage calibration: 1 mv. 



Fig. 13. Tonic-clonic response in the hippocampus of a cat. Surface electrodes. Ap- 
pro.ximatelj' 3-sec. intervals separate the successive strips. A^'cltage calibration: 2 mv. 


silence in the electrocorticograms. The spontaneous background of activity 
then sloAvh" built back to its original resting leA'el. 

d. The tonic-clonic activity is a cortical -phenomenon. The cortical responses 
from the motor areas were practically unchanged Avhen, under artificial respira- 
tion, curare Avas injected in doses sufficient to abolish all neuromuscular trans- 
mission. This indicates that afferent impulses from the actiA’e muscles are not 
of importance for the cortical tonic-clonic actiA■itA^ The inference is further sup- 
ported bA' the obserA’ations on cortical responses Avithout muscular contractions 
(fig. 11 , A and B). 
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In several monkeys an occipital pole was isolated from the rest of the cortex 
and from all subcortical centers by a subpial transection through area 19, ex- 
ternally, and the corresponding regions in the medial and lower aspects of the 
brain. The completeness of the section was verified at the end of the experi- 
ment. Typical tonic-clonic responses were readily elicited in the isolated cortex 
of area 17. 

e. Sfread of cortical activity. With increasing frequency, intensity and dura- 
tion of the stimuli applied to a given area the follondng changes took place. 
Within that area there were at first onlj' unsustained effects. A greater degree 
of stimulation led to the appearance of tonic-clonic responses and the amplitude 
and duration of these responses increased with the stimuli. Initially the tonic- 
clonic effects were limited to the region stimulated, but with increased stimula- 
tion the responses spread to neighboring areas and to contralateral, preferentially 
sj'^mmetrical regions. Figures 14 and 15 illustrate the spread of activity to vari- 
ous cortical areas. 

In some animals the spread of activity was mainly ipsilateral, in other animals 
crossed effects were very readity evoked. The source of this variability was not 
traced. The general statement can be made, however, that relatively light 
anesthesia, and, especially, a good condition of the cortex were favorable for 
the spread of tonic-clonic effects, both ipsi- and contralateral. Widespread 
bilateral responses were often present shortly after exposure of the cortices, 
whereas the responses were limited later in the experiment. 

As stated before, the crossed responses were in general most prominent in the 
area symmetrical to the region stimulated. The sensory areas 17,1 and 2, how- 
ever, should be mentioned as signal exceptions. Crossed responses from these 
areas were absent {17) or difficult to obtain {1 and 2). 

For the same degree of stimulation more widespread effects resulted from cer- 
tain areas than from others. It is of course difficult to quantity accurately the 
degree of spread. Nevertheless, it w^as obvious that stimulation of areas 6, If 
and 1 resulted in larger diffusion of activity than did stimulation of areas 9, 19 
or 17. In addition, it was obvious that the diffusion took place more readity in 
the backward than in the forward direction. 

The spread of tonic-clonic activity was gradual. Tlie ipsilateral areas in the 
close neighborhood of the stimulated region began their response earlier than did 
more distant regions. Similarly, in the conti’alateral hemisphere the effects ivere 
more piumpt in the area symmetrical to the stimulated point than in other areas. 
Some of the distant regions frequently did not share in a given response until 
quite late (up to 3 min.), at a time when the stimulated area w’as well in the clonic 
peiiod. ^ In such cases the activity of these distant regions was characterized 
by a brief initial period of rapid discharges, followed shortly by clonic bursts 
synchronized with those in the rest of the active cortex. An example of gradual 
spi-ead of actii-ity is illustrated in figure 16. 

In contrast to the marked temporal dispersion which could be seen for the be- 
ginning of activity at different areas, the end of a given response was simultane- 
ous for all the active regions in one or in both hemispheres (fig. 16 H). 
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The two factors emphasized thus far that determine the degree of spread of a 
response are the characteristics of the stimuli, and the distance of the recorded 
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Figs. 14 and 15. Spread of self-sustained responses to different areas, depending on the 
region stimulated. Ink tracings of moving-coil galvanometers. The records correspond 
from above downwards to surface electrodes in the middle region (arm band of Dusser de 
Barenne and IMcCulloch, 1938) of the following areas in the right hemisphere: 9, 6 , 4, U 
and 19, as indicated in A. The records may be visualized as corresponding to a hemi- 
sphere placed with the frontal pole above and the occipital pole below. 

Fig. 14A shows the background before stimulation, voltage calibration: 1 mv. The 
other strips were taken during the clonic period of the responses elicited by stimulation of 
different areas (see numbers in each of the strips). In figure 14 the stimuli were applied to 
the right (ipsilateral) hemisphere as follows: B, area S; C, 1 ; D, 7; E, 19. In figure 15 the 
left (contralateral) hemisphere was stimulated as follows: A, area 6-, B, 4; C, 1; D, 7; E, 19. 
It is noticeable that as the stimuli were delivered to progressively more posterior regions 
of the cortex the peak of activity moved in a parallel fashion. 

regions from the stimulated point. The question arises whether preferential 
connections between different areas maj’- not be .significant for the spread. Thus, 
if a given area A had specific preferential connections with another distant area 
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B in the same hemisphere, stimulation of A might lead to responses of B, wMe 
other regions, closer to A than B, might not share in the response. This question 
is especially pertinent since Dusser de Barenne and McCulloch (1938) found that 
local applications of strychnine or electrical stimulation of a given region of the 
sensory cortex results in a spread of activity to other areas following definite 
pathways. This preferentially directed spread allows the subdivision of the 
sensoiy cortex into transverse bands that include several cortical architectonic 
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Fig. 16. Gradual spread of a tonic-clonic response. Ink tracings of moving-coil galva- 
nometers. The records correspond from above downwards to surface electrodes on the 
following areas in the right hemisphere: 6 arm, 4 arm, 4 face, 1 leg, 1 arm, 7 arm, as indi- 
cated in A and E. 

A shows the background, before stimulation. Voltage calibration ; 1 mv. B to H; 3, S, 
12, 20, 30, 40 and 60 see., respectively, after stimulation of the right area 6 arm for 2 sec. 


areas, and that correspond to kg, arm and /ace, respectively. Thus, application 
of strychnine to the area 4 orm or electrical stimulation of this area may cause 
activity of the distant areas a arm and 7 am, in addition to J arm and 2 arm, 
while areas 6 arm, 4 kg and 4 face, although quite close to the stimulated 4 arm, 
may shoiv no activity over their normal background. Similarly, a preferential 
facilitating action on the cheiiing area of the rabbit was found by Aloruzzi 
(1939) upon stimulation of the acoustic area; stimulation of other equidistant 
points had no such facilitating effect. 

The following experiments were planned to test the influence of preferential 
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connections as opposed to mere distance between recording and stimulated areas. 
Recording electrodes were placed at different leg, arm or face levels in different 
areas. For instance, the 6 pairs of electrodes could be on 6 arm, 4 leg, Jj. arm, 4 
face, 1 arm and 7 arm. Stimulation was then applied to the leg, arm or face 
subdivisions of the areas under consideration and the degree of spread was 
examined. Although occasionally a preferential spread along a transverse axis 
{leg, arm or face) was encountered, in general the most important factor which 
determined the spread in one hemisphere was proximit}’- to the stimulated region. 
Thus, in figure 17B stimulation of 7 leg resulted in marked clonus of 7 arm but 
not of 1 leg; in C, stimulation of 7 face caused maximal effects in 7 arm, and 
affected equally 1 arm and 1 face; in D, the effects of stimulation of 1 leg are 
prominent both in that area and in 1 arm; in E, the spread of activity from 1 arm 
is mainly to 1 leg and 1 face, rather than to other arm regions; finall}'-, in F, 
stimulation of 1 face caused responses of that area and also of the arm regions, 
the more marked the shorter the distance to the stimulated area. 

The importance of the distance factor Avithin a giA^en area Avas tested as folloAA^s. 
The arm motor area (4 arm) on one side Avas mapped Avith threshold stimuli. 
Three parallel pairs of recording electrodes AA^ere placed AAuthin that area. Stim- 
uli Avere then applied aboA^e {4 leg) or beloAv (4 face) the recording region. B}’' 
selection of the stimuli it Avas possible to shoAv that the tonic-clonic actiAutj" of 
the area Avas maximal near the stimulated region. A similar procedure yielded 
similar results in area 4 face. Figure 18 illustrates these observations. 

The discrepancy betAveen the results illustrated in figures 17 and 18 and those 
reported b}'' Dusser de Barenne and McCulloch (1938) Avas interpreted as due to 
differences in the experimental conditions. In order to clarify these differences 
AA’^e had the advantage of Dr. W. S. McCulloch’s collaboration for three da 5 ''S in 
our Laboratory. The conclusion Avas reached that the significant difference 
of procedure laj^ in the anesthetic. Whereas Dusser de Barenne and McCulloch 
used dial, the present experiments AA^ere carried out under chloralose anesthesia. 
Tavo monkeys Avere studied during McCulloch’s stay here, one under chloralose, 
the other under dial,- and the obseiwations confirmed that conclusion. 

f . Synchronism. Pace-makers. The self-sustained response of a given cortical 
area Avas Avell sjmchronized for different regions Avithin it, both during the tonic 
and the clonic periods. The features in records from seAmral pairs of electrodes 
applied to the area Avere quite simultaneous. 

When seAmral areas in one or both hemispheres shared in a response, asyn- 
chronism Avas the rule for the early part of the tonic actiAuty. Quite different 
rates of discharge could then be seen at the different regions. Sjmchronization 
of actiAutj' usuall}^ took place, hoAA'eAmr, later in the tonic period and inA^ai'iabl}’’ 
during the clonic discharges. Figures 14 to 16 shoAV this sjmchronization in quite 
distant areas of the same or both hemispheres. Careful measurement of the 
time for the onset of the corresponding discharges indicates that such discharges 
occur AA’ithin no more than 50 msec, at all the areas iiiA'olA^ed. 

This remarkable correlation in time of the responses at distant areas suggested 
that some region, possibly the stimulated region, AA'as setting the pace of the gen- 
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Fig. 17. Spread of tonic-clonic responses as a function of distance from the area stimu- 
lated. Ink tracings of moving coil galvanometers. The records correspond from above 
downwards to surface electrodes on the following areas in the left hemisphere: 6 art/i, 4 arm, 
1 arm, 7 arm, 1 leg, 1 face, as indicated in A and D. Voltage calibration: 1 mv. 

A shows the background, before stimulation. B to F were taken during the clonic 
period of the responses corresponding to stimulation of the following areas of the same 
hemisphere: B, 7 leg; C, 7 face; D, 1 leg; E, 1 arm; F, 1 face (see numbers in each of the 
strips). 

The measurements of the time at which the clonic bursts started in different 
areas showed a variability in the order of their appearance. A given area could 
come in shortly before or shortly after another area; and the stimulated region 
did not always lead (cf. Adrian, 1936). 

In some experiments 4 electrodes were placed in a square having sides of about 
1 cm. on the surface of a cortical area. Records were taken from the 6 combina- 
tions by pairs which the electrodes provided (the 4 sides and the 2 diagonals of 
the square). This method of recording allowed investigation of the direction 
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from which conducted waves from another region would reach the area. A 
changing polarity in the diphasic responses consistent with the direction of the 
mo^dng wave would determine this dix-ection. The areas neighboi’ing each of 
the sides of the square were then stimulated successivel3^ No consistent polarity 
of the responses was seen when these I’esponses Avere faiiij'^ generalized. 

It maj^ be inferred, therefoi'e, that there is no S5’^stematic pacemaker in gener- 
alized cortical responses. The active areas become coupled so that a discharge 
in one is followed instantlj"- bj'’ dischai’ges in the others. But anj^ of the regions 
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Fig. IS. Spread of tonic-clonic responses as a function of distance from the stimulated 
point. Moving coil galvanometer tracings. The records for A and B are from 3 pairs of 
electrodes placed parallel on the area 4 orm. The uppermost pair was close to the area 
4 leg and the lowermost close to 4/ace. A was taken during the clonic stage of a response to 
weak stimulation of 4 face; B, during the response to stimulation of 4 leg; C and D illustrate 
similar responses to stimulation first “below” and then “above” with the recording elec- 
trodes placed on area 4 face. 

involved maj' trip the coupled sj^stem. The situation is analogous to that Avhich 
would take place in a heart in whicli all I’egions would haA’^e similar time con- 
stants. The impulse Avould start in different places at random and there Avould 
not be am' specific pace-maker. 

g. Rates. The preA’ious analj'sis of the pace-makers of cortical actiAuty leads 
to the inference that the intrinsic i-ate for self-sustained responses is approxi- 
mateh' the same for different areas thi’ougliout the cortex. This Avas found the 
case Avheix discrete — i.e., not spreading — ^i-esponses Avere elicited bj^ moderate 
stimulation of different regions. 
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Several frequency-time curves were plotted for the responses of various areas. 
Characteristically they all showed two bi-eaks. The rate first declined slowly, 
then dropped suddenly to another lower level. A second slow decline was again 
followed by a sudden drop to a still lower level. Tliis rate then dropped onl}^ 
slightly till the end of the response. As null be shown later the responses consist 
of a sequence of different patterns or components, which probably correspond to 
discharges in different cortical elements (see section i) . According to this inter- 
pretation the frequency-time curves may not be homogeneous throughout a 
response — i.e., they may not describe the changes of frequency in the same ele- 
ments. Indeed, it is interesting that the two breaks in the curves corresponded 
to the transition first from component I (section i) to component II, and later 
from component II to III and IV (clonus). 

If the frequencies corresponding to each of these components are considered 
separately, then component I has a range of from 30 to about 18 per sec., com- 
ponent II from 14 to about 7 per sec., and finally, the clonic bursts from 3 to 1 
per sec. These rates were found in all the areas of the monkey studied, and also 
in all the responses measured, whether brief or long, localized or widespread. It 
may be inferred, therefore, that, unlike the degree of spread and the amplitude 
and duration of the responses, all of which increase with the degree of stimula- 
tion, the rate of the responses is independent of the intensity, frequenc}’^ or dura- 
tion of the stimulus applied. 

The cortical clonus, like the motor clonus (fig. IB), could show sudden changes 
in rate. Occasionally one area apparently discharged at e.xactly twice the rate 
of another area (fig. 19), but such records may be interpreted as revealing the 
presence of an additional component in the faster area, absent in the slower 
regions. 

The end of the responses corresponded as a rule to a slight slowing of the clonus. 
Thus, the rate of the clonic bursts, quite regular for several seconds at about 2 
per sec., could decrease to 1.5 or 1 per sec., whereupon the response abruptly 
ended. Occasionally a few isolated irregular clonic bursts followed a brief 
(about 2 sec.) silent period. 

h. Facilitation and inhibition. A summation of the effects of stimulation of 
two areas was readily demonstrated, as follows. Frequencies, intensities and 
durations of stimulation of one of several areas (e.g., 6, leg or 1 avin, in either 
hemisphere) were determined which did not cause a tonic-clonic response in a 
test area (e.g., 4 arm). Simultaneous stimulation of two of those areas could 
then elicit typical responses in the test area. The records in figure 11 show the 
facilitating influence of subliminal stimulation of a motor area on the motor re- 
sponses to stimulation of the opposite symmetrical area. 

A summation was also seen of the effects of repeated stimulation of a given 
aiea. Thus, if brief repetitive trains, inadequate singh- to elicit self-sustained 
activiti', were repeated at intervals of 1 to 5 sec., a tonic-clonic sequence could 
result after application of a few trains. Continuation of the stimuli during the 
tomc-clomc response then resulted in brief periods of abolition of the clonic 
activity, following the direct effects of the stimuli. During this period of de- 
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pression the clonic bursts were substituted by rapid small waves, similar to those 
which occur at the beginning of a response (component I). The results de- 
scribed here resemble those illustrated in figures 6 and 7 for motor responses. 

As alread}^ stated (p. 702), a tonic-clonic response was followed by inhibition 
of the spontaneous activity of the coresponding area. This inhibition was 
maximal at the stimulated point. It was more marked after prolonged than 
after brief responses. 

i. Different components in the electric responses. In such complex records as 
those illustrated in figures 9 and 10 it is desirable to systematize some of the 
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Fig. 19. Synchronism of responses in various areas. Moving-coil galvanometer tracings. 
Records from above downwards; surface electrodes on the left area 4 t^g; needle electrodes 
in a right leg muscle; surface electrodes on the left area 4 arm; needle electrodes in a right 
arm muscle; surface electrodes on right area 4 teg; surface electrodes on right area 1 arm. 

A, background before stimulation. Voltage calibration: 1 mv. B, during the early 
clonic stage of a response to stimulation of the right area 4 arm. Disregarding alternation, 
the rates of the waves in areas left 4 leg and right 4 leg are twice those in areas left 4 arm 
and right 1 arm. 

waves encountered for purposes of identification and description. On the basis 
of amplitude, frequency and phase, the following components ma 3 " be recognized. 

Tvpe I (fig. 20 A) consists of rapid (30 to 18 per sec.) small sinusoidal waves. 
Their amplitude, whether recorded bj'- surface electrodes 3 to 10 mm. apart, or 
bt" an inserted and a surface electrode about 3 mm. apart, was from 0.1 to 0.5 
mv. The.v usualh’ were prominent at the beginning of the responses (figs* 10 
and 11). The.v grew slightl.v and slowed as the re.sponse pi-ogressed. 

Tt’pe II (fig. 20B) is a simple, regular, elongated excursion. It was frcquentl.v 
diphasic when recorded with electrodes on the surface, and monophasic when 
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recorded transcortically, from the surface to an inserted electrode. Its fre- 
quenc}^ was from 15 to 6 per sec.; its amplitude from 0.4 to 1.0 mv.; its duration 
(per wave) from 60 to 150 msec. Although it might be interpreted as a larger 
and slower aspect of the component I described before, it has been distinguished 
as a separate component because the transition between the two is usuallj’' faiilj 
sudden and because II shows only rarely the slow rhythmic changes of amplitude 
(beats) which are common in I. 

Type III is a sharp, brief (10 to 80 msec.) spike-shaped excursion (fig. 20C, 
D and F). These, like II, could be diphasic (surface electrodes) or quite purely 
monophasic wth the surface positive (transcortical records). Their amplitude 
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Fig. 20. Different components of the cortical self-sustained responses. A and B are 
from surface electrodes in area 19; C and D are transcortical records from the same area; 
E to H are from area 4 arm; E and G are surface; F and H, transcortical records. Voltage 
calibrations: 1 mv. 

was from 0.5 to 3 mv.; they were the largest excursions recorded. Their fre- 
quency in an individual clonic burst in the monkey’s neocortex could reach 20 
per sec. Even higher frequencies (up to 45 per sec.) were recorded from the 
cat’s hippocampus. 

Type IV is a large (0.5 to 2 mv.) rounded wave (fig. 20C, D, E and F). It 
could appear diphasic or monophasic in the records. It was usually associated 
with die appearance of spike (type III) components which obscured its charac- 
teristics. Its frequency varied from 3 to 1 per sec. 

Type I" resembles a train of damped oscillations (fig. 20G and H), of rapid 
frequency (10 to 20 per sec.) and moderate amplitude (from 0.1 to 0.5 mV.). 

The clonic bursts consisted typically in all regions of the cortex of one or more 
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spilces (component III), followed by or superimposed on a large rounded wave 
(component IV). The records frequent^ had the “spike-dome” appearance 
which Gibbs, Davis and Lennox (1935) have described as characteristic of petit- 
mal epilepsy in human subjects. Only exceptional!}’- were any spikes apparent 
late in the hounded course of component IV. Figure 20 C illustrates one of these 
exceptional instances ; as shown in D the clonic bursts later in the same response 
reverted to the usual type. In area 4 the clonic bursts consisted of the typical 
III-IV combination, but in addition they were often followed by component V. 

The relative independence of the several components described was indicated 
by the possibility of obtaining responses exhibiting exclusively one of them. 
Thus, although the usual sequence in the tonic-clonic activity was first I, then 
II and then III, IV and occasionally V during the clonic bursts, responses con- 
sisting only of I, or of I followed by II, were not uncommon. In areas distant 
from the stimulated region the response could consist mainly of clonic bursts 
involving III and IV, -with only a brief initial component I. This independence 



Fig. 21. Progressive build-up of self-sustained component V upon repetitive stimulation 
at a frequency of 3 per sec. Transcortical record from the left area 4 arm. Stimulation 
of the left area 4 leg. Voltage calibration: 2 mv. B is the continuation of A. 

was further emphasized by the effects of single shocks or of brief repetitive trains 
of stimuli delivered during a response. These shocks increased or favored the 
appearance of I and V (fig. 21), while they inhibited II (fig. 33). 

The first four components were found in all the neocortical areas tested. Com- 
ponent V was found mainly in area 4, and less frequently in the adjacent areas 
1 and 6. In area 4 this component could be readily built up vdthout any of the 
others by repeated application of single shocks at slow frequencies (fig. 21). 

C. Unsustained Cortical Responses, a. Respoiises to single shocks. Stimula- 
tion of any region of the cortex with single shocks led to the appearance of electric 
responses in both the ipsilateral (see Adrian, 1936) and contralateral (see Curtis, 
1940a) hemispheres. These responses varied in latency, amplitude and phase 
vith the mode of recording adopted — i.e., they were different when two surface 
electrodes were used and when they were led off transcortically, from one elec- 
trode on the surface to another inserted beneath the gray matter. With similar 
arrangement of both the stimulating and recording electrodes the responses 
differed at various cortical areas. Certain general characteristics, however, 
may be described as follows. 
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The responses of the ipsilateral hemisphere ivere maximal in the close vicinity 
of the region stimulated. Increasing the distance between the stimulating and 
the recording electrodes produced the follonung changes . The responses declined 
in amplitude. The latency and the time to peak increased. The records were 
prolonged. Figure 22A. illustro-tes tliese cli3.nges. 

The prolongation of the responses with increasing distance may be interpreted 
as denoting temporal dispersion. In agreement with tliis interpretation aie 
the results of stimulating the contralateral hemisphere. The responses were 



Pig. 22. Influence of the distance between the stimulating and the recording electrodes 
(A), and of the distance separating two surface recording electrodes (B), on the responses 
to single shock stimulation. The stimulating electrodes, 3 mm. apart, were placed trans- 
versally on area 1 leg. Four recording electrodes (1 to 4) were placed longitudinalb' in 
line below the stimulating pair, at distances of approximately 3 ram. The stimuli were 
constant for all the records. The figure was made by projecting the original pictures 
through a photographic enlarger and then tracing them after superposition. Time scale: 
2 msec. The waves indicate positivity of the lead proximal to the stimulated point. 

A. Responses recorded from electrodes 1 and 2 (upper tracing), 2 and 3 (middle tracing), 
and 3 and 4 (lower tracing). 

B. Responses recorded from electrodes 1 and 4 (upper tracing), 1 and 3 (middle tracing), 
and 1 and 2 (lower tracing). 

then more prolonged than those obtained from the ipsilateral side and this longer 
duration became more prominent when first the area symmetrical to the record 
was stimulated, and then other areas. 

The response to weak (just threshold) stimuli was usually a relatively simple 
monophasic wave. As the stimuli were intensified this wave increased in ampli- 
tude and, in addition, new waves appeared, superimposed upon, earlier or later 
than the oiiginal deflection (figs. 23 and 24A). That these several components 
were due to different sets of responding cortical elements was shown by the anal- 
.ysis of the polarity of the components (to be described below), by the independ- 
ence of the changes in these components upon repetitive stimulation (fig. 29) 
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and b.y the observation that the degree of spread over the cortex varied for the 
different waves. As a rule the low threshold components spread further than 
the higher threshold responses (fig. 25). 



Pig. 23. Progressive appearance of additional components in the responses to single 
stimuli when the shocks are gradually intensified. Stimulating electrodes on the upper 
part of the left area 17. Surface recording electrodes 3 and 7 mm,, respectively, from the 
stimulating cathode. The shocks were discharges of a 0.04 /iF condenser. The discharge 
circuit included resistances of 5,000 us in series and 5,000 us in parallel with the cortex. Up- 
ward excursions in the records denote positivity of the lead proximal' to the stimulated 
region with respect to the distal lead. Voltage calibration: 1 mv. 

The voltages of the shocks were: A, 5; B, 8; C, 12; and D, 20 v. E: 500 cycles. 



Fig. 24. A. Transcortical responses to single shocks of progressively increasing intensity. 
The records were taken as in figure 23, but the recording electrodes were one on the surface, 
the other inserted 2.5 mm. deep. Upward e.xcursions denote negativity of the cortical 
surface with respect to the deep layers. The successive tracings from above downwards 
correspond to shocks with the following intensities: 10, 15, 20, 30 and 40 v. Time scale: 
2-msec, intervals. 

B. Responses of area 17. The recoi'ds were taken from fixed surface electrodes. The 
stimuli were delivered from above (medialb^ solid line) or from below (lateralb', broken 
line) the recording leads. For e.xplanation see text. Time scale: 2-msec, intervals. 

The distance between the two recording electrodes markedly influenced the 
amplitude of the re.sponses. The observations were made with the stimulating 
electrodes and the nearer recording electrode in fixed positions. As the farther 
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lead was shifted awaj^ from the nearer one the responses increased in amplitude. 
Figure 22B illustrates a tj'^pical observation. It may be inferred that the cortical 
potentials sum in series, a condition similar to that found in some smooth muscle 
systems (Rosenblueth, Davis and Rempel, 1936). 

b. Responses of areas 4 and 17. Characteristically the response from area 4 
to shocks of moderate intensity, recorded by means of surface leads, was a mono- 
phasic round wave showing a series of spikes in the initial part of the wave (fig. 
26B) . Strengthening the shocks resulted in an increase of the amplitude of this 




Fig. 25 . Fig. 26 

Pig. 25. Differential spread of the several components of responses to single stimuli. 
The shocks were applied to area 4 in A and B and to area 17 in D, E and F. The lead-off 
electrodes were three surface needles (1 to 3) in both areas, placed in line with the stimu- 
lating cathode at distances of about 4 mm. A shows the response to a given shock recorded 
from electrodes 1 and 2 in area 4- B is the response to the same stimulus, recorded from 
electrodes 2 and 3. D is the response at 1 and 2 in area 17 with a weak stimulus. E shows 
additional components with the same leads when the shock was strengthened. F was the 
response at 2 and 3 to the same stimulus as in E. C, 500 cycles. Voltage calibration: 
1 mv.; tins calibration applies to all the records except to E, which was taken with about 
one-half the amplification used for the other records. Upward excursions denote posi- 
tivity of the lead proximal to the stimulating cathode. 

Pig. 26. Comparison of surface with transcortical records. Stimuli applied to area 17. 
A, B and C were recorded with surface electrodes, D and E from the surface electrode 
pro.ximal to the stimulus to a needle inserted 3 mm. deep. Upward excursions denote 
positivity of the proximal surface electrode in A. B and C, and negativity of the surface 

T fn calibration; 1 mv. The intensity of the stimuli w, 

A, 15; B, 30; C, 40; D, 15; and E, 30 v. 


as: 


response and in a deerease of its lateirev. Occasionally strong shocks elicited a 
second component tvhieh appeared as a large nave starting torvnrd the peak of 
tlie hist component but having an oppo.site polarity (fig. 25A). 

infeLdfv" H ‘Wieal responses of area 17 to shocks of increasing 

n ensitj . Here agam the iorvest threshold response rvas a monophasic nave 
S l onger shocks decreased the latency of this nave and in addition caused the 
appearance of earher, faster components. With even stronger stimuli two iL 
nponents of opimsito polarity appeared in succession, the first opposite in 
polarity to the original low threshold wave. These two late components. Ihen 
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both were present, recorded as a large diphasic wave which masked the low 
threshold wave. With the available data it is not possible to decide whether or 
not any of these components are equivalent to the 4 studied b}'’ Bishop and 
O’Lear}'- (1936) in responses to stimulation of the optic nerve. 

c. Polarity and orientation. The polarity of some of the components men- 
tioned was as follows. Recording from area Jj. with 2 surface electrodes parallel 
to the central fissure, e.g., at the arm area, and stimulating from a more medial 
region, e.g., from the leg area, the electrode proximal to the stimulated region 
went positive with respect to the distal electrode during the development of the 
first lo\v threshold response (fig. 25B). With a similar arrangement of electrodes 
on area 17 the polaritj’- of this component -was reversed — i.e., when the stimuli 
w'ere weak the proximal electrode was negative with respect to the distal (fig. 
25D). 

AVhen the record was transcortical, from surface to depth, the surface was 
positive during the development of the first component in area Jj., and it was 
negative in area 17. It might be concluded that in a given response the surface 


A B C 

■■ 


Fig. 27. As in figure 26, but in another animal. A, surface record. B, transcortical 
record. C, 500 cycles. Voltage calibration: 1 mv. 

is positive or negative -with respect both to distant points on the surface and to 
the deep cortical layers. This conclusion, however, is only A'alid for the condi- 
tions described; discrepancies arise when the tests are further elaborated. 
Thus, some of the components may have different polarities than those men- 
tioned w'hen the surface records are compared with the transcortical responses. 
In figure 26 are shovTi early and late responses in area 17 in which the surface 
lead near the stimulated point was positive Avith regard to a distant point, Avhile 
it Avas negath'e AAuth regard to an electrode on the underlying AA'hite matter. 

Further discrepancies appeared in other instances AA'ith respect to the seA'eral 
components of a giA'en response. Thus, in figure 27, AA'hile the surface record 
shoAA's the presence of seA'-eral components of different polarit}’-, the transcortical 
record appears as a relatiA’ely. simple monophasic aa-ra'c. 

In some obserAmtions the stimulating electrodes AA'ere in a fixed position. The 
records AA-ere taken first from an electrode on the surface, then from an electrode 
inserted immediately beneath the first one, each lead referred to a more distant 
surface electrode. Such records alloAA’ed a comparison of the surface AAuth the 
deep effects at a giA'en point in the cortex. The results AA-ere irregular. AATiile 
some of the components could in some animals haA-e the same polaritj' AA’hether 
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recorded from the surface or recorded from the deeper cortical layers, in othei 
instances the polarity was reversed. 

Both in the observations just reported and in those in which transcortical 
recording was used, the mode of recording could modify differentially not only 
the polarity, but also the amplitude of some of the components of a response. 
Such differential changes of amplitude probablj'' indicate that the orientation of 
the elements involved in the appearance of a given component may be parallel 
or perpendicular to the surface of the brain. 

In other experiments the recording silver needle electrodes were first on the 
surface. Both electrodes were then inserted into the cortex to depths of from 
1 to 4 mm. T 3 ^pical results are illustrated in figure 28. There was usuallj’" a 
decrease of the amplitude of the recorded responses, but no change in polarity 
for any of the components. 

In a series of observations the recording electrodes were in a fixed position, 
while the stimuli were delivered first beyond one, then be 3 mnd the other of the 



Fig. 28. Responses recorded from area 17 first mth two surface electrodes (A), then 
with the electrodes inserted 1 mm. below the surface (B), and finally with the electrodes 
inserted 3 mm. (C). D, 500 cycles. Voltage calibration; 1 mv. 

recording contacts. For instance, the recording leads were applied to the arm 
region in area 4 and the stimuli were delivered to the leg or the face regions. 
The purpose of these observations was to see whether the polarit 3 '- of the responses 
would be modified by the position of the stimulated region relative to the 
recording electrodes. Thus, if a cortical response had a consistent polarity -with 
respect to the stimulated point, e.g., if in the response the proximal electrode 
were always positive with regard to the distal, then the records from stimulation 
first above and then below would be mirror images. If, on the other hand, the 
important factor in determining polarity were the orientation of the elements 
between the leads rather than the region stimulated, then the records would 
not reverse when the stimuli were moved. 

In general (fig. 24B) the slow components of the responses were reversed in 
the records when the stimuli were changed— i.e., the polarity of these responses 
mth respect to the stimulated region was constant. Occasionally, however this 
polarity was reversed. The early fast components of the responses in area 17 
id not reverse in the records— their polarity was independent of the region 
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AVhen the recording electrodes Avere placed transcorticall.y, instead of on the 
surface, the polarity of the responses Avas uninfluenced bj’- changing the region 
stimulated. 

d. Propagation velocity. The cortical re.sponses to single shocks spread 
around the stimulated point. In cats, Adrian (1936) found that the rates of 



A B C 0 E F G H 


Fig. 29. Influence of frequency of stimulation on the responses of area 17 . The records 
are from surface electrodes. Voltage calibration; millivolts. The time calibration is at 
the top of strip D, and shows 500 cycles. Each strip shows from below upwards the re- 
sponses to successive shocks. A to D, stimulation with shocks of moderate intensity with 
the following frequencies: A, 1.3; B, 3.0; C, 5.0; and D, 7.5 per sec. E to H, stimulation 
with stronger shocks with the following frequencies; E, 0.45; F and G, 1.3 (G is the con- 
tinuation of F) ; and H, 2.7 per sec. 

conduction of the “deep” (see discussion) response usually ranged betAA'een 25 
and 35 cm. per sec. The conduction Amlocity sloAA'ed upon repetititm stimula- 
tion. The fastest rate oljseiwed AA-as 60 cm., the sloAA'est 5 cm. per sec. 

In the present study the speed of propagation of some of the wat’es was 
determined by measuring their latency AA’hen recorded at A’arious distances from 
a point stimulated at relatiA'ely long inteiwals and Avith constant shocks. 
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The rates of propagation varied for the different components. Thus, the low 
threshold, relatively smooth, prolonged wave which appears in areas k and lH 
(fig. 25B and D) spreads with a rate of about 3 m. per sec. (2.3 to 3.7 in different 
observations). The rate was the same in areas 4 and 17, although the polarity 
of this wave is opposite in these two areas (fig. 25). The late component 
occasionallj'^ encountered in area 17 (fig. 26) propagated with a rate of onlj 0.2 
m. per sec. 

Although the amplitude of the responses decreases with the distance from the 
stimulated point (fig. 22A), there was no evidence of a corresponding decrease 
in the rate of propagation — i.e., this rate was constant at the seveial distances 
tested (3 to 12 mm. from the stimulated point). Adrian’s (1936) observation, 
that the rate of spread slows with repetitive stimulation, was confirmed. 



Fig. 30. Responses of area 4 to repetitive stimulation. The stimuli were delivered to 
the right area 4 arm and the record (surface) was taken from the corresponding area on 
the left side. Frequency of stimulation: A, 18, and B, 40 per sec. Voltage calibration: 
1 mv. 

c. Repetitive stimulation. The effects of repetitive stimulation at various 
frequencies were qualitatively similar in areas 4 and 17. Figure 29 illustrates 
typical results in area 17. The following changes took place. When stimula- 
tion was repeated the latency of the several components in the records increased. 
This increase is interpreted as due at least in part to slowing of propagation 
(Adrian, 1936). The amplitude of the several components either increased or 
decreased, depending upon the stimulation rate. The changes in amplitude were 
independent for the different components—i.e., at a given frequency some could 
increase while others decreased. Thus, in figure 29E and F the early part of 
the electrograms increases in the successive responses, while a late component 
dcci-eases. Quite commonly alternation of the amplitude of successive responses 
was seen (fig. 29D, respon-ses to the 3rd to 8th shocks; the alternation, striking 
m the oi-iginal record, is minimized in the reduced reproduction). Quite com- 
monly also the responses first decreased in amplitude and later increased 
although not up to the initial level (fig. 29B). With relativelv high frequencies 
of stimulation (26 to 60 per sec.) the amplitude of the responses promptly (even 
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at the second shock) fell to a low level and remained small throughout the 
period of stimulation. Some of the components could, however, be readil}^ 
identified at frequencies of 40 per sec. (fig. 30). 
f. Facilitation and inhibition. The increments of amplitude of some of the 



Fig. 31. Influence of a tonic-clonic response on the responses to single shock stimU" 
lation. Transcortical record from the left area 4 arm. Voltage calibration; 2 rav. 

A shows the responses to single shock stimulation of the left area 4 leg before the tomc- 
clonic response. The single stimuli were applied throughout the observation at the rate 
of 0.8 per sec. B, C and D, were taken appro.vimatelj'- 5, 10 and 15 sec., respectivelj", after 
repetitive stimulation of the left area 4 face had elicited a widespread tonic-clonic response. 
The dots indicate the delivery of the single stimuli during the period of self-sustained 
activity. E was taken immediately at the end of the tonic-clonic response, and F, 5 sec. 
later. 


components of a response upon repetitive stimulation at adequate frequencies 
(fig. 29F) may be interpreted as examples of temporal facilitation. Whether or 
not the decrement seen at other frequencies was due to inhibition is open to ques- 
tion. Under the terms “extinction” and “suppression” Dusser de Barenne and 
McCulloch (1939, 1941) have described two special types of cortical inhibition. 
Extinction is the cancellation of motor response from a given cortical element 
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due to previous activity of that same element. Suppression is a decrease of 
responsivit}^ of a certain area (e.g., 4) caused by previous stimulation of specific 
cortical regions (e.g., 4 strip). The depressions of response in figures 29 and 30 
are not due to extinction, because extinction follows a period of facilitation, i.e., 
it is more prominent when long, rather than short intervals separate the stimuli, 
whereas the decrease of response in these observations was more prominent the 
faster the frequency of stimulation — the briefer the intervals separating the 
shocks. Nor are these depressions due to suppression, because they appeared 
upon stimulation of anj'- cortical region, not of specific inhibitoiy areas. The 
decline of response at high stimulation frequencies may be due to an inhibitory 
action of a type different from extinction or suppression; or it may be due to 
fatigue of some elements; or, finally, it may depend on refractoriness. 

In a series of observations the responses to single shock stimulation of a 
cortical area with a slow frequency (0.5 to 2 per sec.) Avere recorded before, 
during and after a tonic-clonic sequence induced by adequate repetitive stimula- 
tion of the same or of another area. During the period of repetitive stimulation 
and at the beginning of the tonic stage, the responses to the single shocks could 
be either increased or decreased, depending upon the intensit}^ Aveak or strong, 
respectively, of the repetitive stimulus. They Avere augmented during the 
clonic period and for some time after the end of the clonic response. Indeed, 
at that time the single shocks could elicit complex responses similar to the clonic 
bursts (fig. 31). This period of augmentation Avas folloAved bj’^ a prolonged 
depression in v^hich the responses to single shocks could be almost entirely 
abolished. A sIoav recovery to the original leA’^el ended the changes brought 
about by the repetitive stimulus. Figure 31 illustrates a typical instance. 

In some observations the cortical record Avas taken from the primaiy motor 
point of a recording muscle. The periods of augmented cortical response to 
single shocks could then be correlated AAuth the appearance or the increase of 
muscular responses. Motor responses of the right arm muscles could be readily’- 
obtained in these conditions by single shock stimulation not only of the left motor 
cortex but also of the right area 4 and of the left or right areas 6, 1, and even 7. 
Figure 32 illustrates a typical experiment. 

The interrelations betAveen unsustained and self-sustained responses Avere 
mutual. Not only did a tonic-clonic response modify the imsustained responses 
to single shocks but the converse Avas also true. Facilitation of self-sustained 
actiAuty by unsustained responses Avas probably at the basis of all the tonic- 
clonic responses. Inhibition of some of the components of the tonic-clonic 
sequence by intermittent single shocks is illustrated in figure 33. Each shock 
caused a decrease and a sloAA-ing of component II. 

D. Independence of the Spontaneous Activity and the Different Cortical Re- 
sponses. The suggestion has been made (Bremer, 1938) that in the records of 
spontaneous activity and in those corresponding to sensory stimulation and to 
applications of strychnine the same cortical elements are involved. The 
different patterns would then depend on the number of active elements and on 

le degree of synchronization of their discharges. Consistently AAith this vieAv 
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Bartlej^ and Bishop (1933) found that in the occipital cortex the amplitude of 
the responses to electrical stimulation depended on the time of stimulation Avith 
regard to the spontaneous cycle — a fact suggestive of the involvement of the 
same elements in the two modes of activity. 



Fig. 32. Motor responses of a left arm muscle to single shock stimulation of the right or 
left area after a tonic-clonic response. Electrogram (upper tracing) from the primary 
motor point of the recording muscle on the right area 4 arm. Mechanogram (loAver tracing) 
from the left finger flexors. Voltage calibration: 1 mv. 

In A, B and C single shocks were applied at regular intervals to the right area 4 face 
at the rate shown by the electrogram in A, and bj*^ the dots in B and C. The large rise of 
tension in A corresponds to the period of repetitive stimulation of the left area 4 arm. 
B shows the end of the tonic-clonic response elicited by the repetitive stimuli. D and E 
illustrate a similar observation but Avith the single shocks delivered at regular intervals 
to the left area 4 arm and the repetitive stimulation applied (during the interruption of 
the electrogram in D) to the right area 4. face. 


Both unsustained and self-sustained responses were frequently' found in the 
present observations to decrease or abolish the spontaneous activity (figs. 16) 
17, 30 and 34). This depre.ssion is interpreted, however, as indicating inhibition 
by different elements, rather than refractoriness of the same neurons. Thus, ni 
figure 34, although the spontaneous activity of area 4 decreased during 

the period of weak .stimulation of the ipsilateral area 4 face, this depression is 
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mainly apparent as a change of rate rather than amplitude. The full-sized 
spontaneous waves which occurred during that period oppose the view that 
depression was due to refractoriness. The independence of the elements in- 
volved in spontaneous activity before stimulation from those contributing to a 
self-sustained response is strikingly illustrated in figure 35. The spontaneous 
activity of area 6 arm was promptly depressed upon stimulation of the contra- 
lateral symmetrical region, but large rhythmic .self-sustained waves of type I'S'' 
gradually built up during stimulation and persisted after it ceased. 

According to the foregoing interpretation, the depression of spontaneous 
activity which often follows a tonic-clonic response is due to inhibition, not to 



Fig. 33. Inhibition of self-sustained activity in area 4 arm by single shock stimulation 
of the ipsilateral area 4 face. The records are as in figure 32. The self-sustained activity 
was elicited by repetitive stimulation of the left area 4 arm with an intensity inadequate 
for motor response of the recording muscle. Voltage calibration: 1 mv. 



Fig. 34. Inhibition of spontaneous activity of area 4 arm upon weak stimulation of the 
ipsilateral area 4 face. Transcortical record. The repetitive stimuli caused slight move- 
ment of the contralateral face, but no arm movement. Voltage calibration; 1 mv. 


exhaustion. In support of this view is the fact that regions distant from the 
stimulated area showed usually no cortical depression following a tonic-clonic 
re.sponse, even when that response was prominent and prolonged (figs. 9 and 10). 
It may be inferred that, in the spread of a self-sustained response, inhibition does 
not diffuse as widely or does not endure as long as does e.xcitation. 

L. Cortical Responses to Stimulation of Spinal Afferent N^erves. The purpose 
of tliese observations was to see whether stimulation of an afferent nerve would 
cause the appearance of a tonic-clonic cortical response. The procedure followed 
was to record from area 1 on both hemispheres and to stimulate the sciatic nerve 

centrally, after peripheral cutting, for different periods with irarious frequencies 
and intensities. 

The cortical responses to afferent stimulation of the sciatic nerve have been 
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studied in the cat Forbes and Morison (1939). They described two com- 
ponents, denoted as primary and secondary responses, respectively. The 
primaiy response had a latencj^ of 10 to 12 msec., it was sharplj'- limited to the 


A B 






n 


Fig. 35. Inhibition of spontaneous activity of an area, preceding its involvement in ^ 
tonic-clonic response (lower record). Moving-coil galvanometer tracings. The record® 
are from above downwards as follows; left area 4 leg, left area 4 arm, and left area 6 arm. 
A shows the beginning and B the end of a 10-sec. period of repetitive stimulation of the 
right area 6 arm. The calibrations ar^ as in figure 15. 



Fig. 36. Responses of the right area 1 leg to central stimulation of the left sciatic nerve 
at the rate of 5 per sec. Transcortical records. Upward e.vcursions denote positivity of 
the surface. A and B, continuous film; beginning and end of a 6-sec. period of stimulation. 
Voltage calibration: 1 mv. C, single sweep to show latency' of response to a single shock. 
D, time calibration for C: 200 cycles. 


contralateral sensory area; it could follow rates of stimulation of about 7 per sec. 
with a decline of amplitude between 20 and 50 per cent of the initial deflection. 
The secondary response had a latenc 5 ’- of 40 to SO msec., it could be detected 
over relatively widespread regions in both the ipsilateral and the contralateral 
hemispheres; it could not follow i-ates of stimulation greater than about 4 per sec. 

Forbes and IMorison used deep barbiturate anesthesia; under light narcosis 








CORTICAL RESPONSES TO ELECTRIC STIMULATION 


725 


the cortical spontaneous activit 3 " ivas prominent and the responses to sciatic 
stimulation minimal or absent. Indeed, the secondaiy response failed to 
appear even under deep anesthesia when a stimulus was deliveied shoitlj' aftei a 
cortical spontaneous wave. 

In the present observations cortical responses to sciatic stimulation -were seen 
both with deep and nith light anesthesia. The responses differed from those 
observed bj’’ Forbes and Morison in several respects, as follows. Primaiy 
responses, i.e., surface-positive, responses with a latencj"- of about 8 msec., could 
be recorded in both the ipsilateral and the contralateral (fig. 36) areas 1 leg. 
These responses could follow wdthout significant decline frequencies of stimula- 
tion of about 8 per sec. At a rate of 16 per sec. the response- was still recogniz- 
able, although reduced to about 30 per cent of the original. 



Fig. 37. Cortical responses of area 1 leg to stimulation of the ipsilateral sciatic nerve 
at various frequencies. Transcortical records. Upward excursions denote positivitj' of 
the surface. Each pair of strips shows the beginning and end of a 10-sec. period of stimu- 
lation. The dots indicate the beginning and end of application of the stimuli; in D onb^ 
10 shocks at the beginning and 10 at the end of stimulation are signaled. Voltage cali- 
bration: 2 mv. 


Several components later than that just described were recorded (figs. 37 and 
38). At slow frequencies of stimulation the primaiy effect was followed b 3 '- a 
train of damped oscillations similar to component V of the self-sustained actitdt 3 ^ 
(cf. figs. 21 and 37). These waves built up tvith the successit^e shocks in a 
repetitive train. Upon increasing the frequenc 3 '- of the stimuli the rate of these 
waves increased also so that with a frequenc 3 '- of stimulation of 20 per sec. a 
one to one relation obtained— i.e., there was one rvave per stimulus. At higher 
frequencies of stimulation this ratio failed. 


With frequencies of about 5 per sec. or more an additional component appeared 
m tire form of a large slow wave (figs. 37 and 38) which did not follow the rate 
of stimulation, but which recurred rh 3 dhmicall 3 " with rates of from 2 to 4 per sec. 
These waves resemble component IV of the self-sustained responses (cf figs 20F 
and 3SE). 
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Cortical discharges which outlasted for several seconds a period of stimulation 
were often seen (figs. 36, 37 and 38). The components which constituted this 
residual activity were the damped oscillations and the large slow rhythmic wave 
described above. On the other hand, typical tonic-clonic sequences could not be 
elicited, even when high frequencies of maximal stimulation were applied for 
prolonged periods. 

F. Responses of the Stnahim, Thalamus and Cerebellum. The purpose of these 



Fig. 38. Cortical responses of area J leg to stimulation of the contralateral sciatic nerve. 
Records and conventions as in figure 37, except that the voltage calibration corresponds 
to 1 mv. 


observations was to see whether self-sustained activity could be elicited in these 
structures bj" direct electrical stimulation. 

For stimulation and recording of the striatum and thalamus a decortication 
was performed. The results were entirely negative — i.e., no matter how strong, 
frequent, or prolonged the stimulation no residual self-.sustained activity was 
seen in these centers. 

The observations on the cerebellum were made after excision of one or both 
occipital lobes of the brain. The tentorium was then removed up to the venous 
.simuses, thus exposing the upper surface of the lateral cerebellar lobes. As was 
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true for the striatum and thalamus, direct stimulation of the cerebellurn did not 
result in self-sustained activity. Some of the obsenmtions made on this organ, 
however, are of interest, as follows. 

Stimulation of the sciatic nerve causes cerebellar responses (see Dow, 1939), 
mainly in the ipsilateral, but also in the contralateral side. These responses 
showed several components, illustrated in figure 39. 

While no responses of various areas of the cerebral cortex (ipsilateral and 
contralateral 9, 8, 6, 4, 1 and 2) were seen from stimulation of the cerebellum, 
cerebellar responses were readily recorded upon stimulation of the cortical areas 
9, S, 6 and 4 (see Curtis, 1940b). A series of such responses, elicited in the left 
culmen by stimulation of the right cortical area 4 is illustrated in figure 40. 
As was found for the cortical responses (fig. 29), the cerebellar responses consist 
of several components (cf. fig. 40F and A). Upon repetitive stimulation these 



Fig. 39. Cerebellar responses to stimulation of the ipsilateral sciatic nerve. Trans- 
cortical record from the left lateral lobe of the cerebellum. Conventions as in figure 37. 
Voltage calibration: 1 mv. 


components vary independently (C, D and E). A decrease of some of the 
components takes place at relatively high frequencies (C to F). An initial 
decrease may be followed by a later increase of amplitude during a repetitive 
train (B, D, E and F). The latencj'- of some components ma}^ first increase 
and then decrease with repetitive stimulation (B to F) . 

Since the cortex can drive the cerebellum the question arose -whether or not 
self-sustained cortical activity would have a cerebellar concomitant. The 
question was answered positively by observations in which simultaneous records 
were taken from the cerebellum and the frontal cortical areas after stimulation 
of these areas. The cerebellum exhibited responses quite parallel to those 
recorded from the cerebral cortex. 

Discussion. A. Intcrprciaiion of Eleclrocorlicograms. The expression “com- 
ponents of an electrical record” was used largely as a descriptive aid in the 
report of the experimental observations. Waves noth specific and characteristic 
amplitude, frequency, form, and sometimes polarity and orientation were 
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singled out. The question arises -whether .such specific components represent 
activity of specific groups of neurons or whether the same neurons can give rise 



Fig. 40. Cerebellar responses to stimulation of the contralateral cortical area 4 arm. 
Transcortical records from the left lateral cerebellar lobe. The strips shov, from below 
upwards, the responses to the successive shocks in repetitive series at the following rates: 
A, 1.3; B, 4.4; C, 7.4; D, 12.0; and E, 13.5 per sec. F was taken at the same frcqiienc}' as D, 
but with weaker stimuli than for the rest of the records. Voltage calibration: mv. The 
time calibration at the top of record A corresponds to 200 cycles. 

to electrical phenomena with quite different .spatiotemporal characteri.st.ic.s. 
Tlie evidence favor.s the -^'iew that different components cori-espond to acti-^'ity 
of different elements or organized groups of elements. Were a homogeneous set 







THE NATURE OF QI AND QlII 


763 


cooling the anterior left and warming the posterior right ventricles should 
diminish QI by retarding the excitation of the left ventricle and hastening the 



Fig 1. Modification of QI. A. Dog, 17 kgm., 5/21/41. A. control, lead I. A,, lead I 
anterior surface of the left ventricle was covered with a pledget soaked in M/5 
KCl. Marked reduction of QI. 

I ^ 5/23/41. Bi. Control, lead I. B-, warming right posterior and cooling 

lett anterior surfaces of the heart. Reduction of amplitude of QI. Bj, cooling right pos- 
ermr and warming left anterior surfaces of the heart. QI increased. 

. Dog, 10 kgm., 7/23/41. Ci. Lead I showing extrasystole elicited from a point just to 

the right of the anterior septum. Note large Q and small R. Co, lead I after application 
abolished^ soaked in M/5 KCl to the anterior surface of the left ventricle. QI practically 


1 cm t Di. Control, lead I showing extrasystole elicited from a point 

spmhlin ^ anterior septum. The resulting complex shows Q and R closely rc- 

facos f®., ® Ds, warming posterior right and cooling anterior left sur- 

nnefn,.; . reduced in extrasystole as well as in normal complex. Do cooling 

anterior left surfaces of the heart. QI increased in the 
• ' J stole and in the normal complex. 


ventricle. Fig. 1; Bl, B2, B3 illustrates the experiments 
confirmation of these inferences. 

c. Prodnclton of QI in the ventricular extrasystole and its modification by vofai 
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sin7n and thermal changes. Extrasystoles elicited from the anterior septum show 
a downward initial deflection in lead I, with no upward component except T (4). 
Extrasystoles elicited from the center of the right ventricle show only an upward 
initial complex in lead I (2). As one moves the point of stimulation from the 
anterior septum toward the center of the right ventricle, the initial downward 



Fig. 2. Dog, 15 kgm,, 9/24/41. Leads I and III. Extras 3 '’stoles in leads I and III 
elicited from points on the anterior surface of the right ventricle. A, extrasystoles in 
leads I and III elicited from the center of the right ventricle. The initial complex is up- 
right in both leads. B, C, and D, extrasj’stoles elicited from points on the anterior surface 
of the right ventricle 1, 2 and 3 cm. from the point stimulated in A. These show the ap- 
pearance of a Q wave which increases in amplitude as the anterior septum is approached. 
The increase in Q is accompanied bj' a reduction in the amplitude of R. E, extrasj'stolos 
elicited from a point overlying the anterior septum. Rlhas disappeared, and the entire 
initial complex is directed downward. No significant alterations in the configuration of 
QIII in this series. In Ei and Ej large stimulus artefacts are visible. 

Attention is called to the necessity for fullj’^ inflating the lungs and approximating the 
edges of the wound in order to record these changes. 

deflection becomes progressively smaller and finally disappears completel}'. 
Follon-ing the diminishing downward wave an upright deflection appears wliich 
increases progressively in amplitude. At these intermediate points, therefore, 
the initial complex possesses both Q and E waves (fig. 2). 

The configuration of the anterior septal extrasj'stole suggests that in lead I 
the spread of the impulse involves the whole of the anterior left ventricle before 
it reaches the posterior right ventricle. In the case of the intermediate extra- 
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sj^stoles it may be presumed that a portion of the left ventricle is still excited 
in advance of the posterior right ventricle, giving the initial dovmward deflection 
of Q. The posterior dextrocardiogram terminates the domistroke of Q and 
contributed its upstroke and that of the R complex. The greater the distance 
of the point of stimulation from the septum, the sooner will the posterior surface 
of the right ventricle be discharged, and the smaller vdll the QI become (fig. 2). 
Finally, when the center of the right ventricle is stimulated, so that the posterior 
surface of the right ventricle is excited before any part of the anterior surface of 
the left ventricle, Q is no longer present and the initial deflection is upright. 

The explanation of QI in these extrasystoles should therefore be the same as 
for the normal QI. It is to be expected thei'efore that the Q wave in these 
extrasystoles should respond to potassium and to thermal effects exactlj’^ as does 
the normal Q. Figure 1, C and D show that a, QI of the extrasystole is in fact 
abolished by potassium treatment of the anterior left ventricle (C2) ; 6, QI is 
increased by heating the anterior left ventricle and cooling the posterior right 
ventricle (D3), and c, QI is diminished or abolished b}"- cooling the anterior left 
ventricle and warming the posterior right ventricle (fig. 1, D2). 

The nature of qiii. It has been suggested above that QIII arises when a 
part of the posterior left ventricle becomes active in advance of any part of the 
anterior right ventricle. 'i^Tien this sequence of excitation occurs, the initial 
downward deflection of QIII should be derived from the downAvard deflection 
of the posterior levocardiogram; the upstroke occurs when the anterior dextro- 
cardiogram develops. This hypothesis was tested in the following experiments 
which are counterparts of those bj'- which the nature of QI was studied, and which 
may be summarized as follows ; 

a. Abolition of QIII by application of potassium to the posterior surface of left 
ventricle. In experiments in which potassium was applied to cover completel}'’ 
the posterior surface of the left ventricle including the septum, QIII was abol- 
ished (fig.3, Al, A2). 

b. Change in amplitude of QIII by thermal treatment of posterior left and anterior 
right ventricles. QIII was increased by heating the posterior surface of the left 
ventricle and by cooling the anterior surface of the right ventricle (fig. 3, Bl, B3). 
It was diminished by cooling the posterior left ventricle and by warming the 
anterior right ventricle (fig. 3, Bl, B2). 

c. Production of QIII in the ventricular extrasystole and its modification by 
potassium and by thermal changes. Extrasystoles elicited from the center of 
the right ventricle show only an upright initial deflection in lead III. As the 
point of stimulation is moved toward the posterior septum a small QIII appears 
vhich grows progressively in amplitude as the R portion diminishes. Finally, 
at the septum QIII alone remains and R has disappeared (fig. 4). 

An extrasystole starting at the posterior septum must excite a large part of 
the posterior left ventricle before the anterior right ventricle is stimulated and 
theiefore its initial complex in lead III is downward and is of maximum ampli- 
tude. As the point of stimulation is moved to the right, less and less of the 




Fig. 3. Modification of QIII. A. Dog, 7.5 kgm., 5/10/40. Ai control, lead III. As, 
lead III after application of pledget soaked in M/5 KCl to the posterior surface of the left 
ventricle; markedlj^ reduced QIII. 

B. Dog, 27 kgm., 7/28/41. Bj, lead III, control. Bj, reduction of QIII by ivarming an- 
terior right and cooling the posterior left surfaces of the heart. B 3 , QIII increased by 
cooling the anterior right and warming the posterior left surfaces of the heart. Thermal 
application has modified R and T as previouslj' described. 

C. Dog, 6 kgm., 7/1S/41. Ci lead III. Extrasystole elicited by stimulation of a point 
to the right of the posterior septum, showing a small Q and R and a large S, Cj, extra- 
systole after application of KCl to the posterior surface of the left ventricle. QIII absent, 
a small R and small S remain. 

D. Dog, 11 kgm., 7f7/Al. Di, lead III showing extrasystole elicited from a point to 
right of the posterior septum. Definite Q and small R. Dj, elimination of Q in the extra- 
systole by warming the anterior right and cooling the posterior left surfaces of the heart. 
Dj, great increase in Q in the extrasj’stole caused bj" cooling the anterior right and warming 
the posterior left surfaces of the ventricles. The R and T waves of the extras 3 'sto!e as 
well as of the normal complex show the alterations characteristic of heating and cooling. 
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of neurons responsible for the several stages seen in a tonic-clonic cortical 
response a uniform transition would be expected between those stages. But the 
transition is as a rule abrupt (figs. 9 to 11; section B, gf). 

The same question maj'’ be approached from a different standpoint and receives 
the same answer. The cerebral cortex is a heterogeneous structure. Activity 
of the different elements would be expected to show the differences which permit 
the separation of characteristic components in the records. 

A corollary of this inference is the conclusion that, since the self-sustained 
activity follows a similar sequence throughout the cortex (figs. 14 to 16; section 
B, c), different cortical regions have a similar functional organization. 

Some of the recorded components differ marked^ from the electric responses 
yielded by the activity of axons. The cortical responses may be much more 
prolonged than usual axon responses; and they may appear monophasic in 
conditions in which axon conduction would 3 deld diphasic records. Adrian and 
Matthews (1934) interpreted the relativel 3 ’- slow cortical waves as due to a 
summation of temporallj'^ dispersed fast components, similar to axon spikes. 
The data in section C, a and b (figs. 22 to 25) do not support this interpretation. 
Slow waves ma\'^ be recorded at a point in the cortex b}'^ stimulation onl 3 ’- 1 or 2 
mm. away — i.e., in conditions which should minimize temporal dispersion. 

It appears more likely, therefore, that some of the electric phenomena recorded 
from the cortex are not of “axon,” but of “cell” origin (see Bartley and Bishop, 
1933; Bremer, 1938). Cell potentials might differ from axon potentials onl 3 '- 
quantitatively ; that difference would be relatively unimportant. The significant 
question is whether excitation and conduction in synapses, dendrites and cell- 
bodies differ qualitative^’' from the corresponding processes in axons. The 
following considerations support the existence of qualitative differences. 

In the experiments illustrated in figure 24B the polarit 3 ’' of some of the com- 
ponents in the responses was not reversed by stimulation first on one, then on 
the other side of the recording leads. Axon-like conduction would have resulted 
in a reversal of polarity in these conditions. 

In his study of the spread of activity in the cerebral cortex, Adrian (1936) 
recognized two types of response; in one the lead at the surface of the active 
region went negative, in the second it went positive, 'with respect to another 
distant lead. The first t 3 ’pe was interpreted as denoting responses of superficial 
elements, hence the negativity of the surface; the second, as denoting activit 3 ’ 
of deep elements, hence the relative superficial positivit 3 L The applicability 
of this interpretation to the present observations was controlled in the experi- 
nients illustrated in figure 28. If positivity at the surface invariabl 3 ^ denoted 
negativity at deeper la 3 mrs, then introduction of the electrodes till the 3 ’' come 
in contact vith these deep la 3 ''ers should result in a reversal of sign of the response. 
This reversal did not take place (fig. 28). 

The follovdng premises have been adopted for the interpretation of cortical 
potentials. A difference of potential between two cortical regions corre.sponds 
to a.symmetric changes in some of the elements included between the leads. 

_e response will be large if there are many such elements with a parallel 
onentation. For a given response the position of the leads iidth respect to the 
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field will determine the amplitude of the deflections recorded. Relative posi- 
tivity of some region a at the surface vdth respect to another surface lead h need 
not be due to deep negativity at a, but may correspond to- any changes in the 
elements betAvecn the tAvo leads that.set.up.a field of the proper polarity. . As in 



Fig. 41. Diagrammatic representation of possible neuron chains which would yield 
electric responses of various orientations and polarities. In the middle drawings are repre- 
sented cells arranged parallel to the surface. It is assumed that each element activates 
the following element. It is also assumed that when such activation takes place the region 
of the cell body in Avhich the synaptic connection with the previous element is placed 
becomes enduringly electronegative with respect to the rest of the cell. 

Stimuli are supposed to be applied beyond each of the recording surface electrodes a 
and b. The arrows point the direction of spread of the Avave. In the left diagrams are 
shown the responses which would occur with each of the neuron connections shown; upward 
excursions correspond to negativity of the lead proximal to the stimulated point. In the 
right diagrams are shown the corresponding transcortical records; upward excursions 
correspond to negativity of the surface with respect to the deep regions. 

smooth muscle (Rosenblueth, Drabs and Rempel, 1936), the potentials corre- 
sponding to the elements included betAveen the leads sum in series, hence the 
larger responses AAuth greater interelectrodal distance (fig. 22B). 

The diagrams in figure 41 illustrate these premises. The folloAving assump- 
tions are made. Each cell is capable of activating the neighboring elements; 
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the corresponding synaptic connections are represented bj’- knobs. The region 
of the cell body where the synaptic connection lies becomes negative with respect 
to the rest of the cell for a period relatively long (compared to the propagation 
velocity) during the process of activation; this assumption provides the asym- 
metry indispensable for the external detection of a potential drop. The alterna- 
tive assumption, that the region of activation becomes relatively positive instead 
of negative, would be no more arbitrary than that adopted, for there is no 
evidence at present bearing on the problem. 

With these assumptions a propagated wave would be recorded by surface 
electrodes as follows (left diagrammatic records, upward excursions denote 
negativity of the lead proximal to the stimulating electrodes). In A the lead 
proximal to the stimulated region (beyond the a or b recording electrodes) 
would be negative with respect to the distal lead; in B the reverse would occur. 
In C lead a would be negative with respect to b, regardless of the point stimu- 
lated; in D the reverse would occur. In A to D the transcortical records (right 
diagrammatic records) would show little or no deflection. In E and F the trans- 
cortical records would be maximal, while the surface leads would be practically 
isopotential; in E the surface would be negative with respect to deeper laj’^ers; 
in F the reverse would occur. A summation in series of the potential drops 
would take place in A to D, but not in E and F. 

All of the cases schematized in the records in the diagram were encountered 
in the observations. Thus, components which recorded superficial!}'- but not 
transcortically (diagrams A to D) may be seen in figure 27 ; and components 
wliose polarity depended on the point stimulated (diagrams C and D), and also 
components with a polarity independent of the site of application of the stimuli 
(diagrams A and B), are illustrated in figure 24B. 

B. Correlation betioeen elecirocorlicograms and muscular activity. As shown 
in figure 11, it is not possible to determine by observation of the electrocortico- 
grams alone whether simultaneous muscular activity is present, and the degree 
of this muscular activity. The lack of correlation between the two records is 
probably attributable to several factors. Thus, elements other than the pro- 
jection motor cells contribute in all probability to the cortical record. It is not 
feasible, therefore, to determine the share of these projection elements in the 
total response. This statement is in agreement with Bremer’s (1938) observa- 
tions and with Adrian and Moruzzi’s (1939) conclusion that the potential waves 
in the motor area and the discharge in the pyramidal tract are closel}’- related 
but are not inseparable. 

Even if the efferent impulses, pyramidal and extrapyramidal, were recorded, 
an absence of correlation between the.se discharges and motor activity could 
fake place (cf. Adrian and Moruzzi, loc. ciL). Efferent impulses from the cortex 

0 not invariably lead to stimulation of motoneurons. Inhibition of spinal 
leflcxes can be readily elicited by cortical stimulation (Rioch and Rosenblueth, 


Tile contribution, excitatory or inhibitory, from subcortical centers to a given 
motor response, cannot be appreciated from a corticogram. That other centers 
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than the cortex and the spinal cord are probably involved in motor responses is 
shown bj'' the observations made on the cerebellum (p. 726). 

The absence of correlation between the cortical records and the motor effects 
has been labored because it throws some light on the limitations of electro- 
encephalographic observations. The suggestion emerges that the observations 
of cortical potentials will illuminate a given physiological process in direct 
relation to the degree of corticalization of this process and to its simplicity — i.e., 
a purelj’- excitatory or a purely inhibitory process as opposed to one in which 
there is a mixture of excitatory and inliibitory components. 

C. The Self-Sustained Cortical Responses, a. Degree of response. The 
intensity and frequenc}'- of the stimuli and also the length of time that they are 
applied decide whether self-sustained activity will ensue and the amplitude 
and degree of spread of that activity (sections A, c and B, c). With anj’- 2 of those 
3 parameters of the stimuli constant (see Dusser de Barenne and McCulloch, 
1939), variation of the 3rd one will reveal a threshold below which no self- 
sustained activity is elicited, and above which there is a direct proportionality 
between the response and the degree of stimulation. 

Increase of intensity of the shocks I’esults in the stimulation of a greater 
number of cortical elements per shock (spatial variation). Increase of frequency 
produces temporal variation of a given number of elements. Since such changes 
determine the appearance and the magnitude of the responses it may be inferred 
that temporal and spatial effects are largely interchangeable with regard to 
self-sustained activity. Variations of the period of stimulation are also of sig- 
nificance for the tonic-clonic responses. This influence cannot be explained 
reasonabty on the basis of the activity of the elements stimulated directly, but 
it suggests that temporal summation in elements activated indirectly is one of 
the determining factors for the appearance of a response. 

The influence of the 3 parameters of the stimuli may be summarized by the 
statement that the responses are determined by the total “quantity” of stimula- 
tion delivered to the cortex. 

b. Components of the response. Once the threshold quantity of stimulation 
has been reached the self-sustained activity begins and it begins by the fast 
waves designated as component I (fig. 20A). This stage may or maj'^ not be 
followed by the subsequent components. Indeed, a response may consist only 
of I, or of I followed by II, or finally it may show the complete sequence described 
in section B, o. These differences are readity explained by the interpretation 
that the several components correspond to activity of different groups of elements 
(p. 728). The cells which discharge during component I would activate those 
that jdeld component II, and these in turn would bring into pla}"- the elements 
which give components III and IV during the clonic bursts. If each subsequent 
set of elements requires a critical degree of excitation for its independent activity 
the response may stop at anj’- component, when the threshold for the next set 
was not reached. 

The interpretation that self-sustained responses consist of the successive 
induction of activity of different groups of elements and that each of these groups 
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has a fixed threshold of quaiititj>- of stimulation, differs from other previous 
interpretations. Thus, Bremer (see Moruzzi, 1939) suggests that the self- 
sustained responses are merely the prolongation of the sjmchronizing action of 
cortical activity caused by the stimuli applied; any faradic stimulation, even 
iveak, would synchronize the cortical elements and would effectively result in 
“experimental epilepsy.” According to this suggestion there is no “neural” 
threshold for the responses, onlj’' the electrical threshold of the cortical cells. 
The maximum of the response should then occur at the time of stimulation. 
This suggestion is contradicted bj* the fact that there is a threshold quantity of 
stimulation (p. 732) and that the responses need not be maximal at the time of 
stimulation, but maj'- build up, even at the stimulated region, for some time after 
the stimuli have stopped (figs. 9 to 11). 

The possibility that the progressive slowing of the discharges in a response 
may correspond to a process of s 3 mchronization of the elements discharging in a 
given area should be considered. If this were the case the amplitude of the 
waves should increase when the frequencj’’ sloivs, and decrease when the fre- 
quency is higher. In some of the observations described on p. 709 amplitude- 
time graphs were drawn in addition to the frequency-time graphs. Although 
in general there is an increase of amplitude as the frequency decreases this 
correlation is onlj’’ a broad one. It is true that the frequencj’- decreases as the 
response shifts from component I to II and then to III and IV, while the ampli- 
tude of these components increases from I to III. But within the periods 
occupied by any of these components the fi'equencj’’ of discharge may increase 
or decrease markedly without any reciprocallj'^ correlated change in amplitude. 
Similarly, the change of f requeue j"- illustrated in figure IB was not attended b}’’ 
any corresponding change of the amplitude of the muscular clonic contractions. 

c. Rhythmic activity. Self-sustained repetitive discharges maj' be explained 
on the basis of reverberating circuits (Ranson and Hinsejq 1930) or maj’- be 
attributed to the intrinsic ability of some elements to discharge rhythmicalty in 
the absence of impinging nerve impulses (Adrian, 1936). Several arguments 
make the first Iwpothesis unlikeljL 

If reverberating circuits were responsible for the enduring tonic-clonic dis- 
charges the rate of the responses would be mainty a function of the length of the 
closed paths. Elaborate sub-assumptions are necessar}’-, therefore, in order to 
account for the changes of frequency during a response and for the veiy slow 
clonic rates. According to the hypothesis the duration of a response should 
hepend mainly on the properties of the reverberating neuron chains, rather than 
on the characteristics of the stimuli. The dependence of the activity on the 
quantity of stimulation, therefore, does not favor the hj^pothesis. The rever- 
berating circuits could be either small and localized or thej’- could extend over 
’^'ge regions of the cortex. Short localized chains do not account for the 
Simultaneous end of a response in areas long active and in other distant regions 
0 nhich the effects max’^ have spread onlj’- late after stimulation (fig. 16). Long 
cmmi 5 ^ on the other hand, do not explain why isolation of a relativeh’- small 
•cgion of the cortex by section (p. 703) does not modity the rate of clonus. There 
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are anatomical provisions in the cortex for reverberation (Lorente de No, 1938) 
but the functions of such circuits may not be inferred from their anatomy. 
Thus, in the cerebellum there are also anatomical circuits wlrich could lead to 
reverberation, yet electrical stimulation of the cerebellum does not result in self- 
sustained activity (p. 726). 

It is more probable, therefore, that rhythmic discharges during self-sustained 
responses are due to the intrinsic ability of some cortical cells to fire repetitively 
during and after a period of excitation. 

d. Spread of activity. The obvious suggestion for the spread of self-sustamed 
activity is that the discharging neurons of the stimulated area are the main 
source of activity and the pace-maker of a response. Several objections may 
be raised against the unrestricted acceptance of this suggestion. As pointed out 
before (p. 707), the data do not support the existence of a localized pace-maker. 
If the stimulated area were the main source of the tonic-clonic activity, then 
removal of this area during a response which has spread to other regions would 
result in a prompt cessation of activity. This is not the case (p. 707 ; see Bubnoff 
and Heidenhain, 1881,' Fran^ois-Franck and Pitres, 1883). 

The stimulated area starts the responses, but once other areas are active 
they probably become in turn sources of impulses both to the stimulated and to 
other regions. This view explains the previous difficulties but leads to the in- 
ference that self-sustained activity should always spread lilce a landslide until 
complete generalization. Since this is not the case it is necessary to conclude 
that there are factors which tend to suppress self-sustained activity. These 
factors will be discussed below (p. 735). 

According to Adrian (1936) spread of activity occurs from cell to cell by lateral 
connections of the pyramidal elements. Each additional element only begins 
to discharge rhythmically after repetitive facilitation. This explanation seems 
unlikely. There is no evidence that the agents for spread are pja'amidal cells. 
Certainly when crossed responses appear the activation of new elements is not 
produced by side to side propagation, but b 3 ’^ long pathwaj^’s making sjmaptic 
connections (Erickson, 1940). Even for spread vothin one hemisphere, the 
possibility of obtaining cortical self-susta,ined activity in area 4, without muscu- 
lar contractions (fig. 11 A and B), is opposed to the concept that propagation is 
carried out by pja’amidal cells. Adrian’s suggestion is applicable to propagation 
of some of the components of unsustained responses but is improbable for spread 
of self-sustained activity. 

Spread of tonic-clonic activity is probablj’’ due to persistent S3maptic bom- 
bardment of some elements b3’- similar active elements. New elements come 
into pla3^ only after the excitation caused b3’^ this bombardment has summed 
over relativety long periods of time, hence the slow propagation. Under 
chloralose anesthesia, spread within one hemisphere is niainty to points in the 
neighborhood of the active area or areas — ^the pathwa3'^s over which the impulses 
travel are probabl 3 ^ the short connections Avhich exist practical^’' eveiywhere in 
the cortex. Long pathwa3’’s are demonstrated b3’^ the crossed effects. It is not 
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necessary to assume that other elements than those which jdeld component I 
are involved in the spread of responses, since activity of any area always starts 
ivith this component. 

e. Synchronism. The early stages of a self-sustained response are not sjm- 
chronized in different areas. Each of these areas may discharge with its oum 
independent rate during the periods corresponding to components I and II. 
Early during the clonic stage; however, i.e., when components III and IV 
become organized as clonic bursts, all active areas discharge at the same rate 
and almost simultaneously (figs. 14 to 16). 

The suggestion has been made by Bremer (1941) that synchronization of 
actmty in the strychninized spinal cord maj’’ be caused by a purely electrical 
non-synaptic intercellular influence. This suggestion does not apply to the 
coupling of activity in distant cortical areas during clonus. The coupling is 
similar for areas in one hemisphere and for contralateral areas, and the crossed 
coupling can only be produced by synaptic influences (Erickson, 1940). Thus, 
the sjmchronism of the clonic bursts reveals a sj’^stem of nerve pathways inter- 
connecting some elements in all cortical areas, 

f. The end of a response. The abrupt cessation of clonic activity in all the 
regions sharing in a response is a dramatic and puzzling phenomenon. The 
hypothesis has been often advanced that the end of a tonic-clonic response is 
due to cortical exhaustion. As pointed out by Adrian (1936) this hj’-pothesis 
does not explain satisfactorily why activity ceases simultaneously in the region 
where the response was initiated, and in regions to which the response spreads 
only after some time, and which, therefore, discharged only for a relativelj’- short 
period. Furthermore, a test for exliaustion by stimulation immediatety at the 
end of a response can reveal a state of facilitation (figs. 31 and 32) instead of the 
deep depression wliich would be expected. 

Three alternative hypotheses may be considered: inhibition (Bubnoff and 
Heidenhain, 1881), the accumulation of metabolites" (see Adrian, 1936; Dusser 
de Barenne and McCulloch, 1939) , and a relative refractoriness of the responding 
elements. The same arguments which invalidate the hypothesis of exhaustion 
render these three alternative views unlikely. 

The following explanation accounts satisfactority for the data. In the course 
of a tonic-clonic response there is a gradual slowing of the frequencj’- of intrinsic 
rhythmic discharge of the several elements which contribute to the response 
(p. /09). This slowdng is probably not due to increasing refractoriness, for it is 
possible to interpose responses between the clonic bursts that do not differ 
significantly from these clonic bursts (fig. 31). The slowing may be due to 
gradual ivaning of the excitatoiy process which initialty changed inactive to 
dythmically active elements. 

It is assumed that persistent spontaneous rhythmic discharges cannot occur 

cioiv a critical degree of excitation, and hence, beloiv a critical frequency which 
vary with the experimental conditions. In other w^ords, it is assumed that 
a imnimal frequency is necessary for temporal summation adequate for continu- 
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ous rhj’-thmic discharge. In the present experiments, in all animals and in all 
areas the responses ceased as soon as the frequenc}'^ of clonic discharge slowed to 
1.0 to 1.5 per sec. 

According to this explanation the response stops because excitation has 
wanedi not because the responding elements are depressed by previous activit5\ 
The difficulties encountered for the acceptance of the other h3'-potheses men- 
tioned are thus obviated. The explanation accounts for the fact that self-sus- 
tained responses do not invariably’- generalize (see p. 734). As new areas join a 
response, their rate soon slows to that of the other active regions (fig. 16). If 
the degree of stimulation is small the response in the initiallj’- active region will 
be brief — i.e., it will slow promptly. The response will then end before it has 
had time to spread to many’ areas. This explanation is compatible with the 
view that the stimulated region is not the pace-maker of the response (see p. 734). 
The extent of spread, on the other hand, is made, within limits, a function of the 
amount of excitation developed at the stimulated region. 

Under dial anesthesia (observations on the 1 animal experimented on vfith 
W. S. McCulloch, and personal communication from McCulloch) and veiy 
rarely under chloralose (2 out of 18 animals in which multiple recording was 
made) a response may end in one area while it still endures in another region. 
These animals might be considered to invalidate the explanation adopted. It 
should be mentioned, however, that the suggested hypothesis does not exclude 
the probable r61e of other factors, especially’- of inhibition. Furthermore, if 
the phy’siological coupling (p. 735) between different areas were loose in some 
animals or in some experimental conditions, a relative independence of those 
different areas would ensue. 

D. The Tonic-Clonic Ex-perimental Responses and Clinical Epilepsy. The 
purpose of this section of the discussion is not to explain clinical epilepsy’- but to 
point out suggestions from the experimental results that have a bearing on the 
clinical problem. 

Phenomenologically’-, the muscular reactions during a tonic-clonic response to 
electrical stimulation of the motor cortex have for a long time been recognized 
as analogous to those in Jacksonian or in grand-mal epilepsy’ — hence the term 
experimental epilepsy’. If the analogy is significant, i.e., if the phy’siological 
process is similar in the two cases, 'then the experimental findings strongly sup- 
port Jackson’s (1890) and Wilson’s (1929) views that the radiation of an epilepti- 
form fit is entirely’ a physiological process and that most or all of the cortical 
regions involved in an epileptic fit may’ be normal. 

Jackson’s and Wilson’s idea; that the fit is produced by’ a sudden, excessive, 
temporary’ liberation of energy’ in some motor nerve cells, need only’ be modified 
to read “a sudden marked degree of stimulation of a cortical region or an in- 
creased sensitivity’ in some cells” to reconcile it -sUth the experimental data. 

The findings that tonic-clonic actmty’ may’ occur in any’ cortical region 
(figs. 14 to 16) and that it may’ spread to the motor area from quite distant cor- 
tical points (p. 695) provide a physiological basis for the interpretation of auras 
and of epileptic variants. 
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If the epileptiform reaction is interpreted as a physiological process the 
question arises, why do epileptic attacks occur only in certain subjects? The 
answer is obviously that normally the degree of excitation of the cortex does 
not reach at an}’’ point the threshold for pronounced tonic-clonic cortical activit 3 L 
Two possibilities would then explain the appearance of fits in some subjects. 

First, it is probable that there are limitations to the number of afferent 
impulses which can reach the cortex in a given time. Thus, when the sciatic 
nerve is stimulated at high frequencies the cortical responses do not follow 
the stimuli (figs. 37 and 38). Morison and Dempsej’- (in press) have recorded 
one-to-one cortical responses from stimulation of the thalamus up to 120 per 
sec. It is conceivable, therefore, that if the “filtering” action of the thalamus 
were impaired in some pathological condition the cortex could receive more 
stimulation than normal^. Such a mechanism could account for some of the 
“reflex” epilepsies. 

The second possibility is that in pathological conditions some region of the 
cortex acquires a lower threshold than normal for self-sustained responses 
(see Penfield and Keith, 1940; Obrador, 1941). A normal degree of stimulation 
could then start rhjdhmic self-sustained discharges from that region which 
would propagate in the normal manner. If this were the condition of a patient 
the suggestion emerges that local extirpation of the abnormal area, diagnosed 
by the aura, might eliminate the fits, much as local extirpations can eliminate 
Jacksonian fits. The experimental data suggest that the differences between 
epileptic variants are merely differences of localization and quantitative dif- 
ferences (see Jasper and Kershman, 1941). 

E. Some Properties of the Cerebral Cortex, a. Different types of cortical re- 
sponses. Throughout this report the cortical responses are divided into three 
groups; direct, indirect unsustained, and self-sustained. This sj’-stematization 
needs no argument, since it is more descriptive than explanatoiy. The dis- 
tinction between self-sustained and unsustained responses should, as a rule, be 
easy. The terms direct and indirect, on the other hand, are relative to the 
experimental conditions. Thus, the same elements may respond directly to 
stimulation, or indirectlj'- to nerve impulses set up by stimulation elsewhere. 

In physiological conditions the cortex is never stimulated direcUv. Yet the 
distinction may be useful between the responses set up bj’’ afferent nerve im- 
pulses at the primaiy sensory area and the secondary responses elicited lij^ the 
activitj'- of primary elements. 

Some of the “spontaneous” discharges usually recorded from anj’’ cortical 
legion are probably self-sustained — i.e., they do not require continuous afferent 
bombardment of impulses of non-cortical origin, since the isolated occipital pole 
(P- 703) exhibits some spontaneous waves. The self-sustained responses differ 
from the spontaneous activity in several respects. The responses take place 
only after relatively abundant stimulation. Tliej'^ do not appear in the records 
us an intensification of the spontaneous background, but as an independent 
P rcnomenon. Indeed, the responses are usually’’ preceded and attended by^ 
'u ibition of spontaneous activity’’ (figs. 16 and 35). 
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It is likely that some cortical elements may share in several types of activity. 
Thus, the inhibition or facilitation of unsustained responses during the develop- 
ment of self-sustained discharges (figs. 31 and 32) suggests that some cells are 
common to both reactions. And the pyramidal cells are an efferent pathway 
common to manj^ motor reactions of cortical oz'igin. It is also likely, however, 
that specific responses involve only some specific elements in an}^ cortical region. 

The systematization adopted for the cortical responses has a bearing on the 
problem of the delimitation of the motor areas of the cortex. While the early 
workers in the last centuiy mapped veiy extensive regions of the cortex from 
which movement could be obtained, the tendency in more recent studies has 
been to narrow the extent of the motor area and to attribute some of the earty 
results to spread of the electrical stimuli. Manj’- studies have shovm that the 
efferent motor pathways from the cortex (p 5 ’’ramidal and extrapyramidal) 
arise from limited cortical regions — mainty areas 4 and 6, and also from S, 19 
arid 22 (for references see Fulton, 1938). Onty from these areas may direct 
motor responses be elicited. Indirect responses, on the other hand, both un- 
sustained and self-sustained, maj’- occur as the result of stimulation of practically 
any cortical region, according to the present observations. The “spread” in 
the earlj’^ studies maj’- thus have been not spread of the electrical stimuli, but 
spread of cortical activity. 

b. Spread of cortical activity. Both the unsustained and the self-sustained 
responses tend to spread both in the ipsilateral (see Adrian, 1936) and in the 
contralateral hemisphere (Erickson, 1940). The spread of self-sustained' 
responses was discussed on p. 734. The waves of unsustained discharge do not 
require temporal summation, since the responses are obtained by single shock 
stimulation. The influence of spatial reinforcement is shown bj’’ the greater 
extent of propagation of the responses to strong than to weak shocks. Temporal 
facilitation becomes obvious when some components increase and travel further 
upon repetitive stimulation at adequate rates (fig. 29). 

Both the unsustained and the sustained responses decrease in amplitude as 
the distance from the region stimulated increases (figs. 22A and 25; 14 and 15). 
Thus, spread of activity in the cortex may be spoken of as decremental. The 
decrement of responses with distance ma 3 '- be explained bj’- a progressive reduc- 
tion of the density of sjmaptic connections — i.e., b 3 '' a gradual diminution of 
spatial facilitation. 

As alread 3 ’^ mentioned (p. 706), Adrian’s (1936) stud 3 ’- and the present observa- 
tions emphasize the existence in the cortex of mechanisms for relativety indis- 
criminate spread of activit 3 \ That there are, however, preferential connections 
between certain areas was brought out 63 ’’ the work of Dusser de Barenne and 
hlcCulloch (1938) and that of Moruzzi (1939). 

c. Tendency for synchronization. Onty one further comment need be added 
to the discussion on p. 735. There is a tendenc 3 ’' for s 3 'nchronization of nervous 
activit 3 ’ in man 3 ’ experimental conditions (see Adilan and hlatthews, 1934). 
There ma 3 ' be, however, different mechanisms which lead to this s 3 mchronization 
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in different observations. Thus, sj'^nchronization of the discharges of injured 
axons is obviously due to non-synaptic factors. Similarly, Bremer’s (1941) 
study of the action of strychnine on the spinal cord suggests again that the 
factor for synchronization maj*- be non-synaptic. The synchronization of clonic 
activit}'^ in mdeh- distant areas in both hemispheres, on the other hand, is 
probably due to synaptic coupling of the responding elements (p. 735). 

d. Facilitation and inhibition. An extensive discussion of facilitation and 
inhibition in the cerebral cortex -would be out of place here. The present data, 
however, have a bearing on some aspects of these problems. 

It has been suggested by Dusser de Barenne and McCulloch (1939) and by 
Moruzzi (1939) that increased spontaneous activity in a cortical area causes 
facilitation of the responses of that region, and conversely, that decreased 
spontaneous activity -will depress the reactivity of the area to various modes of 
stimulation. Moruzzi extends the influence of local discharges on facilitation 
to cover all modes of activity, whether spontaneous or induced by electrical 
stimulation. This extension is a corollary of his view that “epileptiform” 
responses are merely an exaggeration of spontaneous activity. As previouslj’’ 
shown (p. 735), this view is not supported by the present data. 

As a general statement the concept is justifiable that increased local activity 
is attended by facilitation of responses and that decreased activity corresponds 
to local depression. There are, however, signal exceptions to this rule. Thus, 
the period of great facilitation of both cortical and motor responses which 
follows the end of a tonic-clonic response (figs. 31 and 32) coincides usually with 
relative or total cortical silence. Conversety complete abolition of cortical 
and motor responses inaj'- take place during the period occupied bj”" component 
n in a cortical self-sustained response (p. 721). 

The facilitation at the end of a clonic response maj'- be interpreted bj’- further 
elaboration of the theoiy outlined broadty on p. 735. Let it be assumed that 
rhythmic discharges occur ivhen sufficient impinging nerve impulses have raised 
the level of “excitation” of some elements. Let it be further assumed that this 
level of excitation progressively declines, together Mth the frequencj'- of dis- 
charge. The response would then stop when the degree of excitation would be 
less than a critical value (cf, the critical frequency postulated on p. 735), but 
this value could be higher than the normal resting one — hence the condition 
el facilitation. These assumptions impty the existence of an enduring excita- 
tory agent, capable of attaining supraliminal levels, a view which has been 
many times proposed in the past. Such an agent appears necessary to account 
for rhythmic discharge if, as is proliable (p. 733), this discharge' is not due to 
reverberation. 

The interpretation of cortical responses is made throughout the discussion 
ruth emphasis exclusively on excitatory' phenomena. This was done with 

re deliberate purpose of simplifydng somewhat the complicated problems con- 
u ered. It is very likely^ that inhibition plays likevdse an almost constant 
Prrrt in the effects registered, as was suggested in 1881 by’- Bubnoff and Heiden- 
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hain. Many instances of inhibition were encountered in the observations (pp. 
696, 720). To attempt to interpret them at present would be premature. 
The understanding of excitator 3 '^ and inhibitoiy interrelations in the cortex 
awaits further, more elaborate experiments than were made here. 

The emphasis in this study has been placed on features of cortical function 
which are common to all cortical areas. Specific structure of different regions, 
which is the basis of the classification of the cortex into areas, suggests that 
some functions of these areas will be found specific, not onlj'- because of char- 
acteristic afferent and efferent connections but also because of a characteristic 
local organization. Comparison of the present with previous observations 
suggests that chloralose anesthesia tends to erase some of the specific differences. 
This anesthetic is useful, therefore, for the anabasis of the properties of the 
cortex qua cortex. These general properties were the main interest of this 
studJ^ 


SUMMARY 

The motor and the electric cortical responses to single and to repetitive 
cortical stimulation were studied chiefly in monke 5 ’s and also in dogs and cats. 
The table of contents at the beginning of the paper shows the observations made 
and the topics discussed. 

We are grateful to Dr. R. S. Morison for his help in the observations on the 
hippocampus, thalamus and striatum. 
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THE CALORIGENIC EFFECT PRODUCED BY VARIOUS MIXTURES 

OF FOODSTUFFS 

GORDON C. RING 
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In a recent paper, Ring (1940) showed that the calorigenic action of fat is 
reduced by the injection of large doses of cortical extract. In that paper it was 
suggested that the extract brought about storage of glj’-cogen in the liver. This 
depressed the calorigenic effect liy reducing the amount of fat processed in the 
liver. Under these circumstances, the fat was thought to be stored in approxi- 
mately the form in which it was ingested. VTien liver glycogen was low or 
absent, fat was needed as a source of energy and was modified so as to be suitable 
for use in the catabolic processes. This transformation is undoubtedly one in 
which a considerable amount of energj’’ is wasted and may well account for the 
calorigenic effect. 

At the time the above suggestion was made, there was no evidence that the 
specific dynamic effect of fat was smaller when there were considerable amounts 
of carbohydrate in the bod 3 ^ In fact the work of Murlin, Burton and Barrows 
(1936) showed that the calorigenic effects of fat and carboh 3 '^drate were additive 
(see also Murlin and Lusk, 1915). However, in their experiments the carbo- 
hj'-drate was ingested some time after the fat and so was less likely to depress 
the S.D.A. of fat than if given earlier. In 1939, Forbes, Bratzler, Thacker and 
Marej’’ showed that the calorigenic effect of all three foodstuffs combined is less 
than the sum of the individual calorigenic effects; but they gave no figures for 
the specific djmamic effect when .sugar and fat alone were eaten. We have 
obtained such figures and also those for protein plus carbohj’-drate and protein 
plus fat. The results indicate that the ingestion of carbohydrate plus fat or 
protein prevents the full calorigenic effect of the individual constituents from 
appearing. On the other hand, the ingestion of protein tc^ether wth fat pro- 
duces a metabolic stimulation which is neai'ly equal to the sum of the individual 
calorigenic effects. Each of these latter foodstuffs probabty has to be modified 
in order to be available as a source of energjq whereas carboh 3 ^drate needs little 
transformation and is the fuel of choice. 

Method. Rats were chosen for all of the experiments described in this paper. 
The apparatus used to measure metabolism was the one previously described 
(see Ring, 1940). The rats were all 18 hours post-absorptive at the beginning 
of the measurements. The ox 3 'gen consumption was recorded during the three 
hours before the test meal was given and for eight hours thereafter. From the 
gi'aphs, ox 3 "gen which was used during part of each hour when the rat was quiet 
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has been measured. In about one-quarter of the experiments, the respiratory 
quotients were determined by the Haldane principle. The rats were used only 
once a week so that they continued to gain -weight in spite of the periodic fasts. 

In studying the S.D.A. of protein, 3 cc. of 50 per cent Bactopeptone (Difco), 
a derived protein, were used; for carbohydrate, 3 cc. of 50 per cent glucose; 
and for fat, 1.5 cc. of oleic acid. First, a single foodstuff was given to each rat, 
then a mixture, and then the single foodstuff again, etc. By alternating the 
obseivations in this way and obtaining at least three results for each foodstuff 
or mixture, possible errors resulting from changes in age or weight of the animals 
were eliminated. Occasional!}’- the amount of material given produced diarrhea, 
and that day’s experiment had to be omitted from the calculations. 

Results. In table 1 is shown the average increase in oxygen consumption on 

TABLE 1 


Average percentage increase in oxygen consumption during eight hours following 

ingestion of food 


RAT NO. 

1 GLUCOSE 

1 

FAT 

1 1 

1 FAT AND 1 

j GLUCOSE 1 

PROTEIN 

PROTEIN 1 
AND 

GLUCOSE 

PROTEIN 

1 

1 

FAT AND 
PROTEIN 

1 

1 

10.1 

8.5 


j 

1 


2 


7.4 

2.3 

i 

1 



3 


7.3 

3.2 





4 


10.8 

7.6 



1 

1 


5 

1 

8.6 

0.6 





6 

1 

8.1 

i 7.1 





7 

5.5 


1 

1 

17.3 

13.0 

17.3 

20.1 

8 

4.4 


1 

14.4 

13.3 

14.4 

20.5 

9 

i 



14.3 

10.1 

14.3 

15.3 

10 ' 

3.2 


i 1 

1 1 

9.7 

7.1 



11 

1 


1 1 

10.8 

8.5 

10.8 

22.7 

12 






13.9 i 

15.0 

13 





1 

11.5 i 

22.8 

14 

0.9 


1 

1 ' 

5.5 

0.0 

5.5 

10.2 

Average . . 

3.5 

8.7 

4.9 

12.0 ' 

1 

8.7 

12.5 

18.1 


three different days during the eight hours after the food -was ingested. It -udll 
be seen that for each, animal the increase in oxj’-gen consumption was larger w’hen 
oleic acid was given alone than when it was mixed ■\Hth glucose. Since the 
caloric value of oxj’^gen varies with the type of food burned, it does not neces- 
sarily follow’ from this that the energ}'- expenditure w’as less -when sugar was 
given in addition to fat. The calorigenic value of the oxj’gen consumed can, 
however, be calculated by using the respiratory quotients given in table 2. It 
will then be found that the figures representing the increase in energj’ expenditure 
"hen fat is fed -w’ill be someivhat smaller than those for oxj’gen consumed which 
Hie given in the second column. The figures for the extra energ}’ expenditure 
H ter suppljnng fat plus sugar will be larger than those in the tlind column. The 
ifference between the S.D.A. of fat and of fat plus sugar will be correct!}’ shown 
HI each animal if 2 iier cent is added to the third column (the figures for fat plus 
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sugar). In four of the six rats used the calorigenic effect of fat plus sugar was 
less than that of fat alone. In the other two animals the specific djoiamic 
effect of fat plus sugar though larger than fat alone %vas much lower than would 
be expected if the calorigenic effects of the individual foodstuffs were additive. 
It is, therefore, apparent that when fat and sugar are mixed there is a reduction 
in the S.D.A. of one or both. The respiratory quotient found in the experiments 
using fat plus sugar indicates that the S.D.A. of fat is reduced. If carbohydrate 
and fat shared in proportion to their calorigenic effects in modifjdng the respira- 
toiy quotient, then this should have been 0.750 whereas it was 0.784. Since it 
is unlikely that carbohydrate catabolism was increased when the mixture was 
given, the quotient of 0.784 probably indicates that the fat catabolism^ super- 
imposed upon the basal metabolism, was lower by 86 per cent after the ingestion 
of the mixture than when given alone. The S.D.A. of sugar appears to have 
been normal or at least not reduced by the presence of fat. If the average S.D.A. 
of sugar is subtracted from the S.D.A. of the mixture, the difference should 
represent the S.D.A. caused bj'^ fat. This figure suggests that the calorigenic 

TABLE 2 

Average respiratory quotients during eight hours after ingestion of food 


Control 0.723 

Glucose 0.796 

Oleic acid 0.707 

Peptone 0.737 

Oleic acid and glucose 0.784 

Peptone and glucose 0.804 

Peptone and fat 0.724 


effect of fat has been reduced by 86 per cent — the same figure as that found 
using respiratory quotients as the basis for calculation. 

In a series of seven partiallj'^ depancreatized rats which are not included in 
table 1, the calorigenic effect of fat plus sugar was found to be much smaller 
than that of fat alone just as in the normal animals. The 0 X 3 ’'gen consumption 
during the eight houi’s after the ingestion of fat showed an average increase of 
12.5 per cent and after fat plus sugar onl}'- 6.7 per cent. 

If we now consider the calorigenic effects of protein and sugar, it is clear that 
the oxygen consumption after the ingestion of the mixture is less than that after 
protein alone (see table 1). In this case, the calorigenic effect cannot be accu- 
ratelj’- calculated unless the excretion of nitrogen or sulphur is knowm. It can 
be shown, however, that the calorigenic effect of the mixture is not as great as 
that produced by these foodstuffs given separate^. If w^e select the lowest 
possible caloric value for ox 3 ^gen Avhen peptone was given (this would be the 
figure for pure protein catabolism) and the highest figure for the experiments 
using the mixture (in this case one must assume no protein catabolism), then 
the S.D.A. of the mixture still falls 2 per cent below the sum of the individual 
S.D.A.s. This is the minimal difference which can be obtained from these 
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figures. If we make the more reasonable assumption that the breakdown of 
protein is the same in the two cases, then the calorigenic effect when sugar was 
supplied with protein gives a figure 5.8 per cent below that obtained by adding 
the S.D.A. of sugar and protein. The respiratoiy quotients, as in the case of 
the previous mixture, suggest that the catabolism of sugar is not reduced when 
protein is added. If this is correct, then the S.D.A. of protein must have been 
reduced 59 per cent using the second calculation described above or 27 per cent 
using the first. The true change in the calorigenic effect of protein lies some- 
where between these two figures, probably close to 59 per cent of normal value. 

The possibilitj’’ still existed that the sugar might delay but not reduce the 
S.D.A. of fat or protein. The observations make it quite apparent that the 
S.D.A. is not completely over at the end of eight hours in most experiments. 
However, when the measurements were stopped, the oxygen consumption was 
closer to the control figures when sugar plus fat were used than when fat alone 
was supplied. The respiratory quotients was also almost down to the control 
figures. These facts suggest that the part of the S.D.A. not measured was 
smaller in the experiments using fat plus sugar than in those in which fat alone 
was used. A'iTien measurements were continued for more than eight hours after 
the ingestion of food, the rats became increasingly restless and periods of quiet 
were seldom long enough to be reliable. The experiments using protein offer 
no better support to the suggestion that the S.D.A. is delayed by sugar. 

Another point to be considered is whether mixing the fat with the sugar 
solution would reduce the S.D.A. because of diluting the fat. In five experi- 
ments where a 1 per cent salt solution was mixed with the fat, the S.D.A. of the 
fat was not reduced. Furthermore, in the last series of experiments using fat 
plus protein, the results are almost additive yet the fat was diluted to the same 
extent as when sugar was given. In all rats employed in this type of experi- 
ment, the oxygen consumption after protein alone was supplied proved to be 
lower than that obtained after feeding protein plus fat. This is just the opposite 
of the results found when sugar was given with fat or protein. Assuming 
protein catabolism to be equallj’’ large in both series of experiments, then the 
calorigenic effects of the mixture should amount to 21.2 per cent of the basal 
results if the individual effects are additive. It actually is 18.1 per cent. The 
difference may be due to a reduction in the S.D.A. of protein or fat or both. 
If due to protein, then its S.D.A. is less hy 26 per cent. If due to fat, then the 
lowering of its S.D.A. is 36 per cent. Either of these figures is considerablj’- 
smaller than the reduction found when sugar was mixed udth fat (86 per cent) 
or with protein (about 59 per cent). It is apparent, therefore, that the S.D.A. 
of protein plus fat is much more nearb'- equal to the sum of the indiiddual S.D.A.s 
than is either of the other combinations. The respiratory quotient also suggests 
00 decided reduction in the S.D.A. of either component of the mixture. The 
calculated R.Q. for the mixture was 0.723 while the R.Q. found was 0.724. We 
^Wilcl not attach too much importance to this exddence, however, since the 
•hs obtained after ingestion of protein or fat are so close together that the 
■ for the mixture could never be far from the calculated R.Q. 
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Discussion. Joslin (1928) has pointed out that his diabetic patients between 
1908 and 1914 had basal metabolisms which averaged 12 per cent above normal. 
This was before the treatment of such patients by undernutrition w'hich of itself 
tends to modify metabolism. Numerous w'orkers have also showm that de- 
pancreatized animals have an elevated b&sal metabohsm (see Hedon, 1927, and 
Eing and Hampel, 1932). In 1935, Ring obtained evidence which suggested 
that this increased basal metabolism was brought about largely by the S.D.A. 
of fat. It now appears probable that the increased S.D.A. of fat observed was 
due to a reduction in the catabolism of carbohydrate. In the diabetic, the 
return of the basal metabohsm to normal occurs only after sufficient insulin 
is given to stop the formation of ketone bodies and bring about the increased 
utilization of carbolij'^drate. 


CONCLUSIONS 

1. In rats, the specific dynamic action of 1.5 cc. of oleic acid plus 3 cc. of 50 
per cent glucose ingested together (wdiich elevated the basal metabolism 6.9 
per cent during the eight hours after ingestion) is probably less than that of 
1.5 cc. of oleic acid alone (8.7 per cent of basal figure). 

2. The S.D.A. of 3 cc. of 50 per cent peptone plus 3 cc. of 50 per cent glucose 
(about 10.5 per cent of basal figure) is probably less than that of 3 cc. of 50 per 
cent peptone alone (about 12.0 per cent of basal figure) and is certainly less than 
the sum of the individual calorigenic effects (about 17.8 per cent of basal figure). 

3. The S.D.A. of 3 cc. of 50 per cent peptone plus 1.5 cc. of oleic acid (18.1 per 
cent of basal figure) is almost equal to the sum of the S.D.A. of peptone ingested 
alone plus that of oleic acid (21.2 per cent of basal figure). 
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From a previous study (1) of the biochemical characteristics of deuervated 
skeletal muscle, at rest and after direct stimulation, it was concluded that the 
changes which were observed in paralyzed muscle could be accounted for by the 
continual fibrillatoiy twitcliing of the muscle fibers. In agreement with Langlej'' 
(2) who based his conclusion on the observation of excessive oxygen consumption 
by paralyzed muscles as compared to nonnal resting muscles, it was suggested 
that the atrophy of denervation was an “overwork” atrophy. 

This view is supported by our previous observation that the biochemical 
changes appear coincidentally with the onset of fibrillation, 4 to 5 days after 
denervation has been performed. It is at this same time that many w'orkers 
including ourselves have noted that atrophy begins. 

The previous evidence bearing upon the mechanism responsible for fibrillation 
and relating fibrillation to atrophy, has been recently reviewed in detail by 
Tower (3), and will not be repeated here. If the fibrillation of paralyzed muscle 
does mdeed represent a chronic fatigue, with an insufficient rate of anabolism 
leading to atrophy, it would be expected that any means by which fibrillation 
could be increased would increase the rate of atrophy. Conversely, one might be 
able to minimize atrophy if one could decrease or abolish the fibrillation. 

The present report deals with the results of our attempts to influence fibrilla- 
tion and hence atrophy by various methods. The latter may be roughly divided 
into two categories, namely, specific and non-specific. The specific agents were 
selected on the basis of the previous work of Frank et al. (4) and Rosenblueth 
(5) which indicated that the fibers of deuervated muscle contract in response 
to the minute amounts of acetylcholine normally present in the body fluids, 
to which normally innervated muscle fibers are completely insensitive. It 
seemed probable therefore that prostigmine, which would increase the activity 
of the acetylcholine present, would increase the fibrillation and hence the 
atrophy; while atropine which inhibits most of the actions of acetylcholine would 
tend to decrease atroph 5 ^ The non-specific agents w'ere selected either because 
their knowm actions -were related to the general excitability of muscle, or because 
the}' might be expected to favor synthetic metabolic processes in the muscle cells. 

Methods. The acute effects of various agents on the fibrillation of paralyzed 
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muscle were noted bj'- observing the exposed surface of the muscle under reflected 
light. In some experiments the action potentials were recorded b}'’ means of 
an amplifier s^'^stem, although for our purpose this method offered no advantage 
over observation with the naked eye. A number of the materials which ex- 
hibited definite acute effects upon fibrillation were then tested as to their in- 
fluence on muscular atrophy, in chronic experiments. Chronic experiments 
were also conducted with other materials of which the rationale is indicated 
below. For this purpose adult male rats weighing between 150 to 180 grams 
were used. Thej’’ were maintained on our stock diet of “Purina” Fox- Chow, 
supplemented with 10 per cent powdered skim-milk. Two animals were kept 
per cage during the experimental period. In each animal the sciatic and 
femoral nerves of one hind limb were cut. The contralateral unoperated limb 
served as the control. The degree of atrophy was judged bj’' a comparison of 
the weights of the gastrocnemii at the end of 14 days. 

Wet weights were used, since it is probable that the water content of de- 
nervated muscle does not vary significantlj'^ from the normal (3). Each animal 
was killed bj'’ a blow on the head, the intact Avhole gastrocnemii were carefully 
dissected and immediate!}’’ weighed. The percentage atrophy in the untreated 
control animals was calculated as follows: 

„ , (weight of normal muscle) — (weight of denerv. muscle) 

Per cent atrophy = = ; — — ; -r X 100 

(weight of normal muscle) 

The effects of all procedures were evaluated by comparing the percentage atroph}’’ 
in the gastrocnemii of the treated animals with the control figure. 

Results. The results of our acute experiments are briefly summarized in 
table 1. It vdll be noted that our predictions as regards the specific substances, 
prostigmine and atropine, were borne out. The former increased the fibrillation 
while the latter abolished it. A number of other substances also decreased 
the degree of fibrillation. Some of these substances such as the anesthetics 
were unsuitable for use in chronic expeiiments. Others such as quinine were 
found to be too toxic for chronic use, in the doses necessary to inhibit fibrillation. 
It was also realized that the influence of a particular substance on fibrillation 
might not necessarily be accompanied bj>' a decrease in atroph}’’ unless that sub- 
stance were one which did not have any unfavorable effects on metabolic proc- 
esses in general. 

Table 2 summarizes the results of our chronic experiments as to the effect of 
various agents on the atrophy of denervated muscle. It may be seen that only 
the specific substances, prostigmine and atropine, caused significant variations 
from the control rate of atrophy. Prostigmine increased the atrophy by 47 
per cent; atropine decreased the rate of atrophy by 39 per cent. 

Discussion. In view of the above results the evidence supporting a causal 
relationship between fibrillation and ati-ophy may be summarized as follows: 

1. Paralvzed muscles begin to atrophy at the time of onset of fibrillation 

(6) (12). 

2. The fibrillating paralyzed muscle consumes more O 2 than the resting 
normal muscle (13). 
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3. In frog muscle in which fibrillation does not occur after denervation, the 
rate of atrophj'- is exceedingly slow (14). 

4. The onset of fibrillation in denervated rat muscle also marks the time of 
abrupt bio-chemical changes characteristic of fatigue or “overwork” (1) . “Over- 
work” has been shown to be able to cause atrophy in normal muscles (15). 

5. Fibrillation is probabljr due to an increased sensitivity of paralyzed muscle 
fibers to the normal minute amounts of acetylcholine present in bodj’’ fluids. 
Prostigmine and atropine which affect the acetylcholine mechanism in opposite 
directions also affect the degree of atrophy correspondingly. 

It seems necessary to attempt to reconcile the contradictory conclusions of 
Solandt and Magladery (6). These authors cast doubt on the causal relation- 
ship between fibrillation and atrophj^ for two chief reasons: 1. In their experi- 

TABLE 1 


Effect, of various snbslanccs on the fibrillation of denervated rat muscle 



SXroSTANCE 

DOSE 

EFFECT 

REMARKS 

1 

Prostigmine 

5 mgm. 

1 

Noticeable in- 

Also produces fibrillation and fas- 




1 crease 

ciculation of innervated muscles 

2 

Atropine 

10 mgm./ 

Inhibition 

Effect obtained within several 



100 grams 


minutes 

3 

Syntropan 

10 mgm. 

Questionable 



1 


decrease 


4 

Quinidine — SO4 

10 mgm. 

Inhibition 

Effect obtained witliin several 


1 



minutes 

5 

Quinine — ^HCl ' 

10 mgm. 

Inhibition 

Effect obtained within several 





minutes 

6 

CaCl, 

50 mgm. 

None 


7 

KCl 

100 mgm. 

None 


8 

MgCl, 

50 mgm. 

None i 


9 

Avertin anes- 


Questionable 



thesia 


decrease 


10 

Nembutal anes- 

! 

Inhibition 


Fibrillation diminished progres- 


thesia 




sively and became significantly 

11 

Ether anesthesia 


Inhibition 

1 

less only after about 30 minutes 





i 

following induction of anesthesia 


ments barbitone tended to reduce the atrophy of denervated muscles without 
abolishing fibrillation, while quinidine, \vhich did abolish fibrillation, had a 
sedative effect in the doses which they used. Thej'- therefore attributed the 
effect of quinidine to its sedative action, rather than to an action on fibrillation. 
2. In many of their animals fibrillation ivas bj’’ no means a constant phenomenon 
m the paralj’^zed muscles, and there was no relationship between the degree of 
fibrillation during a given period and the amount of atrophy wdiich occurred. 

It is difficult to reconcile their observations as to the variability of fibrillation 
^vIth most previous reports that fibrillation is a rather constant phenomenon until 
the substance of the muscle is completely wasted (3) (12). However, gi-anting 
that their method of recognizing fibrillation -was not at fault, their isolated 
lecords of fibrillation in a given muscle at various times can certainly not be 
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used as a quantitative index of the amount of work performed by the muscle 
fibers from the time of onset of fibrillation till the end of the observation period. 

TABLE 2 


Effect of various agents upon the degree of atrophy in the muscles of rats, H days after 

denervation 



SUBSTANCE USED 

DAILY DOSE* 

RATIONALE 

y) 

H 

o 

a 

2; 

PER CENT ATROPHY 

PER CENT DEVIATION 
FROM CONTROL 

1 

Stock diet 




1 


0 

2 

Prostigmine 

5 

mgni. 

Inhibits the destruction of acetyl- 
choline and thereby potentiates its 
action 

15 

1 

4-47 

3 

Atropine 

15 mgm./ 
100 grams 

Decreases action of acetyl-choline in 
most of its phases 

21 

23 

-39 

4 

Syntropan 

10 

mgm. 

Atropine-like drug 

8 

38 

0 

5 

Quinine — HCl 

5 

mgm. 

Inhibits fibrillation ((6) and table 1) 
(Proved very toxic for chronic use) 

8 

41 

4-8 

6 

Papaverin 

10 

mgm. 

Speeds up recovery of cardiac muscle 
from fibrillation (7) 

6 

36 

-5 

7 

CaCL. 

100 

mgm. 

The Ca"^ ion depresses the excita- 
bility of nerve and muscle 

8 

38 


8 

CaClj + Dihydro- 
tachysterol 



To insure a continuous high Ca"^ level 
in the body fluids 

6 

40 

4-5 

9 

Desoxycorticos- 
terone + NaCl 

2 

mgm. 

The K'*' ion plays a r61e in muscle ex- 
citability, and is related to acetyl- 
choline action (10). Desoxycor- 

6 

41 

+8 

10 

Desoxycorticos- 
terone + KCl 

2 

mgm. 

ticosterone depresses the K+ level 
of the body fluids , 

6 

38 

0 

11 

Thiamine 

10 

mgm. 

Essential for the metabolism of pyru- 
vic and hence for transamination 

6 

39 

4-3 

12 

Pyridoxin (Vit. Be) 

5 

mgm. 

Has a favorable action upon muscle 
fatigue in deficiency states (8) 

8 

37 

-3 

13 

Tocopherol 

3 

mgm. 

Cures certain experimental muscle 
dystrophies (9) 

6 

39 

4-3 ' 

14 

Testosterone 

1 

mgm. 

Depresses creatinuria, increases posi- 
tive N balance and muscle mass (11) 

6 

35 

-S 

15 

16 

Progesterone 

High carbohydrate 
diet 

1 

mgm. 

Its actions resemble those of tes- 
tosterone in some respects 

Favors glj'cogencsis, and provides 

0 

8 

36 

38 

-5 

0 

17 

High carbohydrate 
diet 4- Pro- 
tamine insulin 

1 

unit 

■ part of substrate for protein synthc-] 
sis 

. . V 

8 

35 

-8 


* The indicated dosage was begun on the day of denervation and administered daily 
until the animals were sacrificed. 


Furthermore the graph in which they compared the effects of barbitone and 
quinidine on muscular atrophy does not bear out their conclusions. If the curve 
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for quinidine is extrapolated so as to make it comparable with that for bai’bitone 
at 14 days, it is apparent that the quinidine (which inhibited fibrillation) caused 
a significantly greater decrease in atrophy than the barbitone (which did not 
inhibit fibrillation) in spite of the fact that their hypnotic effects were similar. 

From our results and the above considerations, it ma}'- be concluded that the 
fibrillation of denervated muscle leads to “overwork” atrophy. The degree of 
atrophy in paralyzed muscles has been increased and decreased by influencing 
the degree of fibrillation. It will be noted, however, that very large doses of 
atropine were needed to bring about the decreased atroph}’^ in the para^^zed 
muscles of our rats. This would seem to deprecate its possibilities for thera- 
peutic application over prolonged periods of time in humans, such as would be 
necessary in post-poliomyelitis paralyses. However the rat is notoriousls'' re- 
sistant to the pharmacologic effects of atropine, and it seems not unlikelj'- that 
the muscles of higher mammals and human beings might respond to much smaller 
doses. It seems worth Avhile to test this possibility in monkej’^s. 

CONCLUSIONS 

1. On the hypothesis that fibrillation is the cause of atrophy in paralyzed 
muscles, various agents were tested for their influence on the degree of fibrillation 
in the denervated muscles of rats. 

2. Of the substances which influenced fibrillation, and of a number of others 
used for different reasons, only prostigmine and atropine had any significant 
influence upon the rate of atrophy. 

3. Prostigmine, which increased fibrillation, also increased the rate of atrophy 
by 47 per cent. Atropine, which diminished fibrillation, decreased the rate of 
atrophy by 39 per cent. 

4. The possibility of the therapeutic application of atropine to prevent atrophj’^ 
of paralyzed muscles in humans is raised. 

We wish to thank Dr. Philip Lewin for his interest in and his encouragement 
of this work. 
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Q marks the beginning of the ventiicular complex in many electrocardiograms. 
Its downward direction suggests that it is derived from early excitation in 
portions of the left ventricle, since electrical activity of this ventricle produces 
a do^vnward deflection in the standard leads of the electrocardiogram (1, 2). 
The observation that lead I is formed by the summation of the anterior levo- 
cardiogram and the posterior dextrocardiogram, suggests that QI is derived from 
the anterior surface of the left ventricle. Since lead III records the summation 
of the anterior dextrocardiogram and the posterior levocardiogram, QIII should 
be derived from early activity in the posterior surface of the left ventricle (3). 
These inferences concerning the nature of QI and QIII were investigated in the 
followng experiments. Twenty-one dogs were employed, and techniques were 
as previously described (1, 2). 

The natuee of qi. a. Abolition of QI by application of potassium to the 
anterior surface of the left ventricle. In experiments reported previously, it was 
noted that a Q wave was often found in the dextrocardiogram if it had been 
present in the control (1). In those experiments care was taken to avoid the 
septum in order to prevent the KCl solution from reaching the right ventricle. 
In the present experiments, the Q wave was reduced or abolished in lead I, when 
potassium was applied to cover the anterior surface of the left ventricle including 
the septum (fig. lA). 

b. Change in amplitude of QI by thermal treatment of anterior left and posterior 
right ventricles. According to the hypothesis presented in this paper, the down- 
sti'oke of QI arises when a portion of the anterior left ventricle is discharged in 
advance of the posterior part of the right ventricle. The development of the 
posterior dextrocardiogram terminates the downward excursion of Q and pro- 
duces the upward deflection which continues as the R complex. Variations 
in the interval separating the onset of the left and right ventricular components 
should alter the amplitude of Q just as it does the amplitude of R (2) . 

Heating the anterior left ventricle and cooling the posterior right ventricle 
should make the part of the left ventricle responsible for QI discharge earlier 
•\rith respect to the right ventricle and increase the amplitude of QI. Conversely, 
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posterior left ventricle is discharged in advance of any part of the anterior right 
ventricle, and results in progressive diminution in amplitude of QIII. 

In these experiments, QIII of the extrasystole was abolished by potassium 
applied to the posterior surface of the left ventricle (fig. 3, Cl, 02); QIII was 
diminished by warming the anterior right ventricle and cooling the posterior 
left ventricle (fig. 3, Dl, D2). QIII was increased in amplitude b 3 ^ cooling the 
anterior right ventricle and warming the posterior left ventricle (fig. 3; Dl, D3). 

Discussion. The Q wave has been demonstrated to arise from the inter- 
ference between initial portions of the dextro- and levocardiograms. When a 



fig. 4. Dog, 12 kgm., 9/26/41. Extrasystoles in leads I and III elicited from points on 
hie posterior surface of the right ventricle. In lead I the complex is virtually unchanged 
in the series. In LlII the complex derived from stimulation of the center of the right 
ventricle (A) shows an upward initial deflection. As the point of stimulation approaches 
the posterior septum (B, C) a QIII appears which increases progressively in amplitude as 
the R wave diminishes. Finally at the posterior septum (D) the entire initial portion of 
the complex is directed downward. 


portion of the anterior left ventricle is excited in advance of the posterior right 
ventricle, a Q appears in lead I, and its amplitude is dependent upon the interval 
which separates its component levo- and dextrocardiograms. The apex of Q 
marks the onset of the electrical events in the right ventricle, which arrest the 
further development of Q, and forms both the upstroke of Q and the upstroke of 
If- At the peak of R the remainder of the left ventricle becomes active and 
contributes the downstroke of R (2) . 

These studies require modification of the previous account (2) of the R complex 
only when a Q is present. In such a case activity in a small portion of the left 
■'entricle precedes the sequence of excitation responsible for R. There is 
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e^ddence which indicates that the process of excitation may arrive at the surface 
of the left ventricle in the region of the septum before it reaches any other part 
of the surface of the heart (5, 6). This probablj'^ accounts for the observation 
that potassium must be applied close to the septum in order to diminish or 
abolish Q. 

The fact that QI is modified by appropriate treatment of the anterior left 
and posterior right ventricles, supports earlier conclusions concerning the 
nature of lead 1. Similarly, the modifications of QIII by treatment of anterior 
right and posterior left ventricles is in agreement with studies on the nature 
of lead III (3). 

CONCLUSIONS 

1. The downstroke of QI is produced bj'^ early electrical activity in the an- 
terior surface of the left ventricle, and its upstroke results from excitation of 
the posterior surface of the right ventricle. 

2. The doAvnstroke of QIII is produced bj’^ earlj'- electrical activity in the 
posterior surface of the left ventricle, and its upstroke b}’- excitation of the 
anterior surface of the right ventricle. 

3. The presence of Q in the ventricular extrasJ^stole has the same signifi- 
cance as Q in the normal complex. In lead I it results from primary activity 
in the anterior surface of the left A’-entricle and in lead III it arises from primary 
activity in the posterior surface of the left ventricle. 
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Because of the invariable accompaniment of pupillary dilatation when we 
have observed flattening of the lens in response to stimulation of the cervical 
sympathetic nerve in the cat, dog and rabbit (Olmsted and Alorgan, 1939a; 
Morgan, Olmsted and Watrous, 1940; Olmsted and Morgan, 1941), it was a 
matter of interest to determine whether the sj'mpathetic fibers to the ciliary 
muscle have the same origins and follow the same pathwaj’^s as those to the iris. 

The earliest observations shovdng the pupillo-dilator fibers have their origin 
in the spinal cord were recorded by Budge and Waller (1851) who found them 
to leave the cord in the 2nd thoracic nenms. It remained for Langley (1892) 
to map out precisely not only the origins of the sympathetic fibers to the iris, 
but also of those to the nictitating membrane and the eyelids. In the dog, cat 
and rabbit he found the pupillo-dilator fibers to be confined to the ventral roots 
of the 1st, 2nd and 3rd thoracic nerves, with minor differences in effectiveness of 
the three nerves in the different species; fibers for retraction of the nictitating 
membrane and opening of the eyelids had a slightly greater distribution, the 
first four thoracic and sometimes the 5th being effective. These sympathetic 
fibers to the eye after leaving the cord ascend in the cervical sympathetic to the 
superior cervical ganglion where a synapse is made. According to Duke-Elder 
(1938), the second neuron passes along the internal carotid artery in the carotid 
plexuses as far as the cavernous plexus. From here one of two pathway'^s may 
be followed: 1, the fiber maj'’ join the nasal bi’anch of the ophthalmic division 
of the trigeminal, leave it in the long ciliary nerves, and thus reach the eye via 
these nerves; or 2, it may pass to the ciliary ganglion as the sympathetic root of 
this ganglion, and leave it via the short ciliary nerves, presumably without the 
intervention of a synapse and the necessity of a third neuron, thus reaching the 
ej'e via the short ciliary nerwes. Adler (1933, p. 37) states that these sym- 
pathetic fibers in the short ciliary nei’ves are pupillo-dilator, while Duke-Elder 
(1938, p. 309) believes that "they are essentially vasomotor.” 

Our method of tracing the pathway of the sympathetic fibers from the spinal 
cord to the ciliary muscle has been to disclose in cats, dogs, rabbits and rhesus 
nronkeys, under nembutal or light ether anesthesia, the nerves known to carry 
Puprllo-dilator fibers, or presumed to do so, and to submit these nerves to fairly 
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SiDiilarly if there were sj’-mpathetic fibers to the ciliary muscle in the short 
ciliaiy nerves, their action was entirely masked by the overpowering action of 
parasympathetic fibers from the oculomotor. 

In one cat, the ciliaiy ganglion was removed asepticall 3 L One week later the 
ej^e on the operated side was more hypermetropic by 2 D than the normal ej'^e 
on the other side. This condition still persists after 9 months. Under aseptic 
conditions the cervical sympathetic on this same side has been disclosed and 
stimulated. There was no increase in hypermetropia to be observed in the ej'^e 
with the ciliaiy ganglion extirpated. This result should be compared with the 
well known finding that there is no pupillarj’’ response to light after cutting the 
oculomotor nerve. In this latter case, the pupil is so widelj*^ dilated that al- 
though the dilator fibers of the iris might theoreticallj’' relax in response to the 
light stimulus on the principle of reciprocal inneiwation, such relaxation (if it 
occurs) is unable to make an appreciable increase in pupil diameter (Gullberg, 
Olmsted and Wagman, 1938). The saipe appears to be the situation with 
regard to the ciliarj'- muscle; the state of hj’-permetropia induced by extirpation 
of the ciliary ganglion is so great that no further increase is possible. 

These results show that an almost identical pathwaj'’ is followed from the 
spinal cord to the eye bj'’ sympathetic fibers for flattening of the lens and for 
dilatation of the pupil, the only differences being a veiy slightlj'- less extensive 
origin of the former.in the spinal neiwe roots than of the latter, and, of course, 
termination in one case in the ciliaiy muscle, and in the other in the dilator 
fibers of the iris. 


SUMM.ARY 

Sympathetic fibers to the eye, stimulation of which causes the anterior face 
of the lens to flatten, emerge from the spinal cord in the ventral roots mainlj'’ of 
the first two thoracic nerves in the cat, dog, and monke 3 L In the monke 3 ^ the 
8th cervical and the 3rd thoracic ventral roots also contain these s 3 TOpathetic 
fibers to the ciliar 3 ’' muscle. It has been demonstrated in the cat and rabbit 
that these fibers synapse in the superior cervical ganglion and that the post- 
ganglionic fibers reach the eye via the two long ciliaiy nerves. Whether the 
short ciliar 3 ' nerves contain such fibers has not yet been demonstrated. These 
fibers to the ciliary muscle follow a pathway nearly identical with that for 
pupillo-dilator fibers. 
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Waller (1885) showed that a muscle which no longer contracted to nerve 
stimulation could respond when activated directl 3 ^ Wedenski (1891) reported 
that upon indirect stimulation at high frequenej'^ the tension falls after an initial 
rise; a decrease of the stimulating rate then results in renewed contraction. 

These observations suggested that neuromuscular fatigue was due to a junc- 
tional rather than to a muscular impairment. The seat of fatigue was much 
discussed at the beginning of the centuiy (Woodworth, 1901, 1903; Joteyko, 
1899, 1904). 

Recent studies from this laboratory (see Rosenblueth, 1939, for references) 
have emphasized the existence of a junctional, transmission fatigue, resulting 
from relatively high frequenc 5 '’ of indirect stimulation. In addition, Rosenblueth 
(foe. cii.) suggested that low frequencies of stimulation might lead to a fatigue of 
the contractile s^'^stem — contraction fatigue — ndthout involvement of the trans- 
mitting mechanism. 

The fatigue of transmission (4th stage of transmission; Rosenblueth and 
Luco, 1939) is probably due to a gradual decrease of the quanta of acetylcholine 
released by the motor nerve impulses (Rosenblueth and Morison, 1937 ; Rosen- 
blueth, Lissak and Lanari, 1939). Contraction fatigue could be due to the 
cumulative effect of the chemical residues of contraction and to the decrease 
of the energj’--yielding materials in the muscle. 

IMiile the evidence for transmission fatigue is abundant, that for contraction 
fatigue is scanty. The present studj"^ was carried out with the purpose of learning 
whether the two modes of fatigue are independent, and securing further evidence 
regarding contraction fatigue. 

Methods. Cats were used, anesthetized with dial (Ciba, 0.75 cc. per kgm. 
mtraperitoneall}^ • A cannula was inserted into the trachea. The muscle 
employed was usually the gastrocnemiu.s-plantaris, but some expei'iments were 
made on the soleus, tibialis anticus and peroneus longus muscles. When direct 
stimulation was employed the latter muscle ivas preferred because of its small 
volume. Drills were inserted into the tibia to fix the limb. The muscular con- 
tractions were recorded bj^ attaching the tendon to the short arm of a writing 
lever pulling against rubber bands. The magnification was about 6-fold. Des- 
iccation of the muscles was prevented bj' surrounding them VTith moist 
cotton pads. 

' Fellow of the National School of Biological Sciences, IMexico. 
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The sciatic nerves were cut on both sides, and either the popliteal or the 
peroneal branch was dissected in the upper part of the thigh for purposes of stimu- 
lation. The stimuli were condenser discharges with frequenc 3 ^ regulated bj" a 
th 3 a-atron or a multivibrator circuit. The shocks ^vere invariabl 3 ^ maximal. 
The maximalit 3 '^ was tested at various times in the course of the experiments 
b 3 ' intensification of the stimuli; this intensification failed to increase the mus- 
cular response. The stimulating electrodes applied to the nerves were shielded 
silver wires. Direct stimulation was obtained through steel needles inserted 
into the tendon and the bell 3 ^ of the muscle. 

Results. A. Fatigue at different frequencies of stimidaiion. The description 
will deal mainl 3 " with the observations made on the gastrocnemius-plantaris 



Fig. 1. Contraction fatigue without transmission fatigue. In this and the following 
figures the time signal marks 1-min. intervals. The lower signals mark the beginning and 
the end of the stimulation periods, or the transition from one to another frequency of 
stimulation. Unless otherwise stated the records are from gastrocnemius-plantaris and 
the stimulation is maximal and indirect (popliteal nerve, cut centrally). 

A. Responses to 30 and 60 per sec. and beginning of response to 20 per sec. Between A 
and B the nerve was stimulated for 1 hour at 20, and then 1 hour at 10 per sec. 

B. End of response to 10 per sec., responses to 30 and 60 per sec., and beginning of re- 
sponse to 120 per sec. Between B and C the nerve was stimulated for 11 min. at 120 per sec. 

C. End of response to 120 per sec. and responses to 30 and 60 per sec. 

muscle. The quantitative differences between the results from this muscle and 
those obtained from soleus and tibialis anticus are reported in section D. 

Prolonged indirect stimulation at frequencies of 1 to 20 per sec. elicited single 
twitches or incomplete tetani. After the initial staircase the amplitude of the 
responses decreased. At first this decline was more rapid, later it was verx'^ 
gradual, so that a relative^ constant amplitude could be maintained for periods 
of stimulation up to 8 hours. 

In some observations short periods of rapid stimulation (30 to 120 per sec.) 
were interposed at different times during prolonged slow stimulation. Provided 
the high frequenc 3 ' periods were separated 133' relativeh" long intervals (over 10 
min.), the responses to them were t 3 'pical — i.e., the contractions, although 
smaller, were as well sustained as those which occur in rested muscles. Figure 1 
illustrates a characteristic experiment. 
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With frequencies of stimulation around 30 per sec. the responses were as M-ith 
the lower frequencies — i.e., well sustained for long periods (cf. fig. 2). A differ- 
ence between these results and those obtained from rates of stimulation less than 
20 per sec. was apparent, howei'er, when brief tests at high frequenc.y stimulation 
(60 to 120 per sec.) were interposed dui'ing a prolonged period of activation at 
30 per sec. The responses to the test stimuli were then gradually less sustained 
than normally. A comparison of figures 1 and 2 illustrates the difference. 

Similar but more striking results than those illustrated in figure 2 were seen 
when the higher frequency tests were made without a rest pause, by suddenly 
doubling the rate of the shocks from 30 to 60 per sec. in the course of a continu- 
ous response. The initial increase of tension corresponding to the change to a 
higher frequenc}’^ became smaller and the subsequent relaxation of the muscle 
was faster and deeper with each successive test. Indeed, after long periods of 



Fig. 2. Transmission fatigue produced by relatively low frequency of stimulation (30 
per sec.). 

A. Maximal stimulation of the popliteal nerve at the rate of 60 per sec. 

B. Stimulation first at the rate of 30 per sec., then at 60 per sec. 

C. As in B, but 20 minutes later. During this 20-min. interval several groups of stimuli 
were delivered as in B. 


stimulation at 30 per sec., doubling the frequency resulted in only a minimal 
initial rise and mainly in a marked fall of tension. 

Frequencies of stimulation between 40 and 150 per sec. caused unsustained 
tetanic responses. An initial high contraction was soon followed bj^ a fall. 
The higher the frequency, the more prompt the fall and the lower the level at- 
tained after a given period of stimulation (fig. 3). 

In some experiments brief periods of high frequency stimulation (60 to 120 
per sec.) were repeated at regular intervals. When the rest intervals were 
short (e.g., 1 or 2 min.) signs of progressivelj’^ increasing fatigue were evident 
(fig. 4A). This fatigue appeared first as a prompter than normal fall of tension 
ui the course of stimulation and later as a decrease in the initial tension de- 
I'eloped. If the intervals between the periods of stimulation were then length- 
ened a progressive recoveiy of the responses could be seen (fig. 4A). 

Frequencies of stimulation higher than 150 per sec. were not used inthisstud.y. 
As shown 1)5' Rosenblueth and Cannon (1940) such higher frequencies cause a 
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sequence of falls and rises of tension (stages 2, 3a, 3b and 3c of neuromuscular 
transmission) that differ from the 4th stage (fatigue), with which this paper is 
concerned. 



Fig, 3. Transmission fatigue as a function of the frequency of stimulation. Brief periods 
of low frequency stimulation (6 per sec.) precede and follow longer periods of stimulation 
at the following frequencies; A, 120 per sec.; B, 30 per sec. 



Fig. 4. Transmission fatigue obtained by' repeated stimulation at a constant high fre- 
quency'. Continuous stimulation of the popliteal nerve with alternating periods of low 
(6 per sec.) and of high frequency (A, 60 per sec.; B, 120 per sec.). 

B. Recovery from fatigue. A fruitful method of study'ing fatigue is to observe 
the rate of recovery from a period of stimulation, in addition to observing the 
changes which take place during the action of the stimuli. Recovery was tested 
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the application of slow (2 to 10 per sec.) shocks after a period of rapid fre- 
queiicj^ stimulation. The rate of recoveiy was influenced both bj" the frequency 
of the fatiguing rapid stimulation and by the length of the period during which 
such fatiguing stimuli were applied. 

In figure 3 are illustrated tests of recoveiy made after stimulation for 10 min. 
with frequencies of 120 and 30 per sec. It is interesting to note that although 
the higher fatiguing frequency produced less tension than did the lower fre- 
quency the recoveiy of the test responses was quicker after slow than after fast 
fatiguing stimulation. When slow fatiguing frequencies were applied for a 
long time (several hours) the responses to slow test shocks were decreased and 
recovered onlj-- very gradually. There are thus two types of recoveiy, which 
suggest two types of fatigue. In one— high frequenc}’’ stimulation — the decrease 
of the test twitches is marked, but recovery is prompt; in the other — ^low fre- 
qiienc}”^ fatigue — the decrease is relativelj’^ .slight but the recovery is quite gradual. 

In a series of observations a constant high frequencj’’ stimulation (e.g., 120 
per sec.) was applied for different periods (e.g., 1 to 30 min.) and the recovery 
of responses to slow shocks was followed. The longer the period of high fre- 
quency stimulation, the slower was the recoveiy. Similarl}^ repeated applica- 
tions of a high frequenc}'' stimulus, constant in rate and in duration, resulted 
in progressivelj’- slower recovery rates (fig. 4). 

C. Independence of tranmssion and conlraclion faiignes. It is assumed in 
this heading that the fatiguing effects of high frequenc}^ stimulation (above 30 
per sec.) are mainlj’- junctional, whereas those of low frequencies (below 20 per 
sec.) are mainly muscular. This assumption will be justified later. On the 
basis of this interpretation the following observations reveal that the two fa- 
tigues are independent. 

Progressively slower recovery of the responses to single shocks took place 
upon repeated applications of high frequencj’’ stimuli (increasing transmission 
fatigue), although the level of the tvdtches after recoveiy could be constant 
(fig. 4B; absence of contraction fatigue). Contraction fatigue maj'' also be 
tested bj’ direct stimulation of muscles. In figure 5 are shown the results of such 
direct s^^iir/uli during the course of a response to high frequency stimulation of 
the nerve. Transmission fatigue is indicated by the decline of the indirect 
response, while the absence of a concomitant contraction fatigue is revealed bj’’ 
the unvai-jdng amplitude of the direct responses. In experiments in which 
contraction fatigue was caused bj^ prolonged loiv frequency stimulation a later 
test analogous to that illustrated in figure 5 usually showed a recovery of con- 
traction fatigue in the course of the development of transmission fatigue (see 
Waller, 1885). 

These observations establish the possibility of producing transmission fatigue 
without contraction fatigue. The converse possibilitj’’ is readily achieved. 
Prolonged stimulation at low frequencies causes, as shown before, a decrease of 
the amplitude of responses to test high frequency stimuli (contraction fatigue) 
With no change in the rate of fall of the test responses during stimulation (ab- 
sence of transmission fatigue; cf. responses to 60 per sec. in fig. 1, A and B). 



768 


E. C. DEL POZO 


Recovery of transmission fatigue in the course of prolonged intense contraction 
is illustrated in figure 6. A series of periods of high frequency stimulation 
(120 per sec.) caused marked transmission fatigue; This fatigue was evidenced 
by the progressively slower rate of development of the responses to 30 per sec. 
(fig. 6A), a frequency that normallj'^ does not exhibit deficiency of transmission. 
Prolonged stimulation at 30 per sec. with only brief pauses (fig. 6B) then re- 
sulted in progressive^^ better sustained responses. 

D. Differences between the soleus, gastrocnemius-plantaris and tibialis anticus 
■muscles. As is well known, these muscles differ quantitative!}’’ in the speed of 
their reactions so that soleus is a “slow” muscle, while tibialis anticus is “faster” 
than the other two. 



Fig. 5. Transmission fatigue without contraction fatigue. Peroneus longus muscle. 
The record shows the responses to direct maximal tetanic stimulation before (1st signal) 
and during (3rd to 7th signals) a period of indirect stimulation at 60 per sec. (beginning at 
the 2nd signal). 


The main difference seen in these observations was that contraction fatigue 
was more prominent in the faster than in the slower muscles. Thus, experiments 
similar to that illustrated in figure 1 for gastrocnemius resulted in more striking 
decrease of tension when tibialis anticus was used. The responses to the high 
frequency tests did not reveal a decreased ability for sustained effects. The 
decrease of tension was therefore due to contraction, as opposed to transmission 
fatigue. Similarly, prolonged stimulation at low rates (e.g., 10 per sec.) caused 
only a slight fall of response in soleus, a moderate one in gastrocnemius, and a 
very prominent decline in tibialis anticus. 

Discussiox. A monistic theoiy of neuromuscular fatigue fails to account 
for the data. The observations in sections A and B on the effects of prolonged 
stimulations at different rates show that there are marked differences between 
the effects of .slow' (20 per sec. or less) and of high (30 per sec. and more) fre- 
quencies. With the former the re.sponses to all test frequencies are ai:)]n'Oxi- 
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niately equally depressed (fig. 1). After prolonged high frequency stimulation, 
on the other hand, the responses to slow frequency tests are only transiently 
affected, while the responses to high frequency tests are markedly depressed 

(fig- 4)- 

The facts thus suggest two different mechanisms for neuromuscular fatigue — 
one preponderant with low frequency stimulation, the other prevalent during 
high-rate indirect activation. The dualistic assumption stated in section C, 
that high frequencies depress transmission while low rates depress coniractlon, 
readil}’- fits that suggestion. 


tM 

i'il 

f]Lri 

B 

[_ ^ 

l-i^' 

Mi 


Fig. 6. Transmission fatigue produced by 120 per sec. followed by recovery at 30 per sec. 

A. Series of responses to 120 per sec. followed without pause by 30 per sec.; a rest period 
of 1 min. separates the responses. 

h. The record begins, 20 min. after A, with 120 per sec. The frequency was then changed 
to 30 per sec. as before. This frequency of 30 per sec. was then maintained except for the 
^^rief pauses shown by the signals. 


Transmission fatigue would occur when, after the initial outburst from rapid 
sfimulation, the rate of discharge of acetylcholine at the motor nerve endings 
continues to be greater than the rate of production (Rosenblueth and Morison, 
1937). Assuming that the rate of production is relativelj'^ constant, the rate of 
liberation increases with the stimulating frequeneju A critical frequency should 
pist, therefore, below which the nerves can replace, during the intervals Iietween 
impulses, all the acet 3 dcholine liberated by'^ each impulse. Above that critical 
fiequenej^ of stimulation the liberation would exceed the production and a deficit 
I'ould ensue, the greater the higher the frequeneju 
Tbe theory accounts readilj' for the paradoxical effects of stimulation at 30 
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per sec. in different experimental conditions. Normally the responses to this 
frequency do not show any prompt drop of tension, indicative of a decrease in 
the number of active fibers, and therefore indicative of transmission fatigue. 
That 30 per sec. will cause transmission fatigue, however, is shown bj’- the re- 
sponses to tests with higher frequencies (fig. 2). To account for “subliminal” 
transmission fatigue it is sufficient to assume that the amounts of acetylcholine 
released normall}’- are well over the threshold quantities. Stimulation at 30 
per sec. would then cause some decrease of the acetylcholine output, hut the 
quanta would still be above the threshold of the discharging muscle fibers. Re- 
coveiy of the transmission fatigue produced b}'’ previous high frequency stim- 
ulation during the time of application of 30 per sec. is likewise explained by the 
theoiy. High frequenc}'’ stimulation lowers the acetydcholine contents of the 
nerves to subthreshold levels. The equilibrium between production and libera- 
tion at 30 per sec. is suprathreshold. If 30 per sec. is applied after a higher fre- 
quencjq therefore, the acetylcholine concentration will slowly rise from a sub- 
threshold to a suprathreshold level (fig. 6). 

The theor^y outlined for transmission fatigue fails to account for the fall of 
tension after the initial high rise in figure 6B upon application of 30 per sec. 
after a brief pause. Manj’- factors probably at pla}’’ have been deliberatel.y 
dismissed in the previous discussion, for purposes of simplification. Thus, the 
muscles have been considered uniform, whereas it is known that they contain 
‘‘slow” and “fast” fibers with quantitativety different properties. Post-tetanic 
effects of previous stimuli (see Rosenblueth and Morison, 1937, for references) 
have been neglected. How much these factors ma}" modity the results is difficult 
to evaluate. Without invoking them it is possible to account for the phe- 
nomenon in question bj'' one of several alternative subassumptions — e.g., by 
postulating that the rate of production of acetylcholine is not constant, but is a 
function of the level of mediator present at a given time — ^but such subassump- 
tions would be entirel}'’ speculative. 

If contraction fatigue is due to metabolic chemical changes, as is likely, its 
degree should be correlated with the amount of contraction and its recoveiy 
should be slow. These inferences are supported b}'^ the observations. Some 
degree of contraction fatigue should take place even when stimulation is carried 
out at high frequencies, since the muscles contract, except in such experiments 
as those of Luco and Rosenblueth (1939) where curare abolished contractions. 
Circulated mammalian muscles are, however, surprisingly resistant to contrac- 
tion fatigue (see Asher, 1923). It was possible to obtain responses sustained at 
a relatively high tension for several hours bj'' use of adequate frequencies of 
stimulation (p. 765). 

The independence of the two modes of fatigue studied is clearlj'’ sho^vn in the 
observations mentioned in section C (figs. 1, 5 and 6). This independence is 
not astonishing since the two processes Avhich lead to a depression of the responses 
take place at different points in the neuromuscular S 3 '^stem. Indeed, if the 
theoiy of Rosenblueth and h'lorison (1937) for transmission fatigue is accepted 
this fatigue is nervous in location, Avhereas contraction fatigue is propel 1} 
muscular. 
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SUMMARY 

The results of indirect maximal stimulation at different frequencies of several 
circulated muscles of the cat -were studied (figs. 1 to 6). 

The fatigue caused bj'- frequencies of stimulation higher than about 30 per 
sec. (figs. 4 and 6) is interpreted as due to a deficiencj’^ of transmission (p. 767) ; 
that resulting from stimulation at low frequencies (below 20 per sec.; fig. 1) is 
interpreted as due to a deficiency of the contractile system (p. 767). At fre- 
quencies between 20 and 30 per sec. “subliminal” transmission fatigue is present 
(fig. 2; p. 770). 

Recovery of transmission fatigue is relativelj'^ prompt (figs. 3 and 4), that of 
contraction fatigue is slow (p. 766). 

Transmission fatigue and contraction fatigue are independent phenomena 
(figs. 1, 5 and 6; p. 767). 

Contraction fatigue is more prominent in "fast” than in “slow” muscles 
(p. 768). 

Transmission fatigue is discussed from the standpoint of Rosenblueth and 
Morison’s (1937) theory of decrease of acetylcholine output (p. 769). Contrac- 
tion fatigue is attributed to metabolic changes at the muscles (p. 770). 

I am very indebted to Dr. W. B. Cannon and Dr. A. Rosenblueth for their 
suggestions and valuable criticism. 

REFERENCES 

Asher, L. Proc. Soc. Exper. Biol, and Med. 20: 235, 1923. 

JoTEYKO, J. Compt. Rend. Soc. Biol. 61: 384, 1899. 

Dictionnaire de Physiologic par Charles Richet. 6: 29, Paris, 1904. 

Ltjco, J. V. and a. Rosenblueth. This Journal 126: 58, 1939. 

Rosenblueth, A. Livro de Homenagem aos Profs. Ozorio de Almeida, p. 556. Brazil, 
1939. 

Rosenblueth, A. and W. B. Cannon. This Journal 130: 205, 1940. 

Rosenblueth, A., K. Lissak and A. Lanari. Ibid. 128: 31, 1939. 

Rosenblueth, A. .and J. V. Luco. Ibid. 126: 39, 1939. 

Rosenblueth, A. .and R. S. Morison. Ibid. 119: 236, 1937. 

Waller, A. British Med. J. 2: 135, 1885. 

Wedenski, M. N. Compt. Rend. Acad. Sci. 113: 805, 1891. 
hooDwoRTH, R. S. This Journal 6: iv, 1901. 

• Le mouvement. Paris, 1903. 



BLOOD VISCOSITY UNDER DIFFERENT EXPERIMENTAL 
CONDITIONS AND ITS EFFECT ON BLOOD FLOW^ 

R. W. ECKSTEIN, D. BOOK^ and DONALD E. GREGG 
From Western Reserve University, Cleveland, Ohio 

Accepted for publication December 6, 1941 

According to Poiseuille’s law, fluid viscosity limits the flow of liquids through 
small tubes by an amount which varies with several factors'. Because of the 
nature of the vascular bed it is therefore of interest to determine in experimental 
animals the differences in the viscosities of blood normalty existent, or those 
induced by various experimental procedures involved in the measurement of 
blood flows, and to quantitate the degree to which such differences may in- 
fluence the facility with which blood may pass through the vascular beds of 
experimental animals. Since the extent of such information is limited, an 
experimental study of viscosity effects has been made. 

In the apphcation of Poiseuille’s law, the specific viscosity of water and many 
fluids is independent of the characteristics of the apparatus used. However, 
the properties of blood are such that the apparent viscosity varies widel.y with 
the pressure applied, the volume of fluid measured, and the bore of the capillary 
tube; hence, the values are empirical (1, 2, 3, 4). For our purpose, values ob- 
tained vdth any one set of conditions for different bloods are acceptable, since 
the chief interest lies in the relative viscosity of the bloods, which can be deter- 
mined with reasonable accuracy by a number of methods. 

For determining blood viscosity the apparatus consisted of a glass capillary 
tube of 0.5 mm. bore by 14 cm. long fused to a tube of 2.5 mm. bore b}' 13 cm. 
long, suspended in a water bath at about 20 degrees with the horizontal. A 
constant suction of 36 mm. Hg was applied to the larger end, and the ratio of 
the times required for blood and water, respective^, to traverse the tube to a 
fixed and predetermined mark was regarded as the specific viscosity of the blood. 
In general, for the control determinations 1 to 2 cc. of venous blood was with- 
drawn from a dog bj'- a syringe (without anti-coagulant) and placed immediately 
in a small cup under the suction tube for determination of viscosity. The total 
time for blood withdrawal and viscosity determination was generalfv less than 
one minute. In routine use duplicate determinations agreed within 5 per cent. 
In some experiments the hematocrit was also determined. 

Typical values for hematocrit reading and blood viscosity in dogs under a 
variety of experimental conditions are shown in table 1, part A. The blood 

’ The expenses for this investigation were defrayed by a grant from the Commonwealth 
Fund. 

- Crile Fellow in Medicine. 
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viscositj" values found in normal, unanesthetized dogs varied from 3.7 to 7.1 with 
an average of 5.1. While morphine sulphate and defibrination have no signifi- 


TABLE 1 

Blood viscosity studies 

A. Tj’pical specific blood viscosities under different experimental conditions 


NUUBER 

OF EXPERI- 
MENTS 

CONTROL 

VISCOSITY 

CONTROL 

HEMATO- 

CRIT 

VISCOSITY 

AFTER 

VARIABLE 

HEMATO- 
CRIT AFTER 
VARIABLE 

PER CENT 
CHANGE IN 
VISCOSITY 

CONDITIONS 

15 

15 

1 

5.07 

6.9 

i 40.3% 
50.6 

i 

1 


Normal unanesthetized dogs 

Normal unanesthetized dogs 

6 


5.9 

— 

5.S 

1 

— 

-0.1 

60 minutes after 30 mgm. morphine 
sulfate subcutaneously 

15 


6.9 

50.6 

5.6 

47.5% 

1 

-18 

60 minutes after 30 mgm. sod. pento- 
barbital/kilo 

5 


5.07 

40.3 

5.53 

46.0 

+9.1 

Ether anesthesia 

4 


4.2 

— 

4.3 

— 

+0.2 

Heparin in vivo 100-200 units/kilo 

4 


7.4 

— 

7.2 

— 

-0.2 

Heparin in vitro 20 units/cc. 

6 


3.67 

30.67 

3.77 

30.6 

+0.2 

Defibrinated blood 

4 


5.20 

44.6 

4.47 

39.2 

-14 

3 hrs. after 300 cc. hemorrhage 

6 


5.20 

44.6 

6.43 

36.6 

+23 

Sodium citrate 1% in vitro 

7‘i 

f 

1 

4.3 

33.1 

5.2 

31 

+20 ■ 

i 

Pontamine fast pink in vitro 2 mgm. 
per cc. 


1 

4.3 

33.1 

5.5 

30 

+23 

3 mgm. per cc. 

7 


3.67 

30.6 

4.67 

36.0 

+27 1 

i 

Pontamine fast pink in vivo 200 
mgm./kilo 

5 


4.4 

' ' 

5.0 

i “ 

+13 

1 

Temperature changed from 38°C.- 
33°C. 


B. Effect of changes in blood viscosity on blood flows 


number 

OF 

experi- 

ments 

MM. Hg 

SPECIFIC VISCOSITY 

BLOOD FLOW— CC./MIN. 


^ u 

C 3 

3 U 

V “ 

Mean B.r. 

*o 

o 

U 

Variable 

c 

S5 

Control 

Variable 

Per cent 
cliango 

CONDITIONS 

11 < 

129 

115 

5.7 

3.0 

47 

19 

46 

142 

Femoral bed perfused in anes- 
thetized dog. Anticoagulant — 
heparin and pontamine fast pink. 
Viscosity changed by adding cells 
or plasma 


129 

90 

5.7 


47 

31 

58 

87 

Same as above 


74 

— 

6.6 

3.3 

50 

28 

46 

55 

Same as above 


110 

90 

5.7 

3.7 

35 

47 

64 

36 

Carotid bed perfused in anesthetized 
dog. Anticoagulant same. Vis- 
cosity changed bj' adding pon- 
tamine fast pink 


cant effect on blood tfiscosity, sodium pentobarbital reduces the viscosity con- 
siderabty and ether anesthesia alone causes a marked increase which varies 
directly ^^•ith the depth of anesthesia. Of the anti-coagulants, heparin added 
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either to drawn blood or injected b 3 ’^ vein into unanesthetized or anesthetized 
dogs, has never been observed to alter significantlj’- the blood viscosity, while 
sodium citrate added to dravm blood increases viscosity great!}'. However, the 
most striking effects are produced -wath pontamine fast pink (and chlorozol fast 
pink) which cause very large increases in viscosity. In dogs anesthetized with 
sodium pentobarbital, this effect may be partially neutralized. In the range of 
body temperature an average of one degree centigrade drop in temperature 
increases viscosity by about 2 per cent. 

In most instances in vivo variations in specific viscosity are directly related 
to the hematocrit reading and red cell count (cf. table 1 for typical values). 
Of interest, however, is the fact that blood viscosity and the hematocrit vary 
inversely when sodium citrate, pontamine fast pink (or chlorozol fast pink) are 
added to drawn blood. The mechanism for this increase in viscosit}' apparently 
lies chiefly in the I’ed cells since the viscosity of the plasma does not change sig- 
nificantly. For example, when 5 mgm. of pontamine fast pink per cubic centi- 
meter was added to whole blood; the viscosity increased from 5.2 to 7.1, the 
hematocrit decreased from 44.G to 37.9, while the idscosity of the plasma changed 
only slightly, 2.0 to 2.3. If fresh plasma is added to the mixture of dye and 
cells, the viscosity still remains high (6.68) and the hematocrit increases to 41.7. 
Finally, when the cells are washed to remove the dye and are then suspended in 
fresh plasma (without dye) both the hematocrit reading and the \dscosity value 
approach the original. Likeirise, the addition of pontamine fast pink to a mix- 
ture of cells and saline increases the \dscosity from 3.5 to 5.3. Just how the 
same anti-coagulant such as pontamine fast pink, in vivo increases the hematocrit, 
red cell count and viscosity, while in vitro increases the viscosit}' but decreases 
the hematocrit wth the same cell count, is at present not explained. 

These data indicate that the blood viscosity of different dogs is fairly high, 
varies wdely, and can be grossly altered by experimental procedures used in the 
measurements of blood flow. The findings regarding the blood viscosity e.xisting 
after defibrination differ from those of Burton-Opitz, while the effects of mor- 
phine, ether, hemorrhage, and temperature change agree in general with those 
found by this author (5). Possibly the difference may be related to the number 
of red cells removed in the process of defibrination. 

Using the constant pressure meter, Gregg and Green (6) found that gi’oss 
changes in ^^scosity obtained by substitution of Locke’s solution for a dog's own 
blood increased left coronary inflow by 300 to 400 per cent. Presumably, there- 
fore, changes in viscosity of the magnitude observed here should alter b}' a sig- 
nificant amount the rate of blood flow through various vascular beds. To test 
this, the rates of flow of homologous bloods of different viscosities into typical 
vascular beds in anesthetized dogs were compared. The blood was heparinized, 
diidded, and its tyscosity adjusted by adding or subtracting cells, or in some 
instances by the addition of pontamine fast pink, so that its viscosity equaled, 
exceeded, or was less than that of the recipient dog. The bloods were placed 
in bottles under a constant pressure head a few millimeters Hg greater than the 
mean blood pressure and connected to the peripheral end of a rotameter (7) 
which in tm-n was connected to the peripheral end of a carotid or femoral artery. 
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In some instances the Iddneys of dogs were removed and perfused at a constant 
pressure through the renal arteiy by means of a pump system. In some of these 
experiments (especially the femoral perfusions) to secure more constant readings, 
most of the collateral flow was blocked during the flow reading. In both set-ups, 
by appropriate stopcocks, the vascular bed could be alternately perfused irith 
bloods of different viscosities and the rate of flow determined immediatelj' from 
the calibrated rotameter. An average decrease in viscosity of one per cent was 
found to increase the flow b}’' 1.4 per cent (table 1, part B, for t 3 ’’pical experi- 
ments). 

These results indicate that differences in viscosit}’’, normall}’’ existent in 
different dogs or induced b}’’ different experimental procedures, ma}’’ exert a 
large influence on blood flows. Hence, the interpi-etation or comparison of blood 
flow values obtained in different dogs with or vdthout aid of anesthesia and anti- 
coagulants should be tempered bj" recognition of the influence of viscosity on 
such values. 


SUMMARY A^'D CONCLUSIONS 

By means of a simple viscometer (in which duplicate determinations agree 
within 5 per cent) the specific viscosity of blood has been determined empiricallj’’ 
in normal unanesthetized dogs and in dogs after the induction of experimental 
procedures preliminarj'- to the measurement of blood flows. 

In normal dogs, the specific viscosities have been found to varj’’ from 7.1 to 
3.7. Blood defibrination, the addition of heparin {in vitro or in vivo) and the 
injection of morphine sulphate do not affect the viscosity. Hemorrhage (after 
a short period) and barbital anesthesia cause considerable reduction in viscosity; 
a decrease in blood temperature increases viscosity, while ether anesthesia, the 
in vitro use of sodium citrate, and the m vitro or in vivo use of pontamine fast pink 
(or chlorozol fast pink) give large increases in viscosity. In general these 
changes in viscosity are directl}^ related to the hematocrit. How-ever, in the 
case of pontamine fast pink and sodium citrate added to drawn blood the relation 
is reversed. 

Experiments show that these changes are sufficient to alter greatty the facility 
irith which blood flows through vascular beds of the anesthetized dog or through 
perfused organs. 

The authors wish to express their appreciation to Dr. A. S. Weisberger and 
Hr. E. F. Shroeder for assistance in the performance of several of these experi- 
ments. 
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The statement is usually accepted that bile acids enhance the absorption of 
fat and fatt}'- acids (!)• These experiments were undertaken to find which of 
the common bile acids would have a greater effect on absorption. Soon after 
the experiments were begun, Riegel, Elsom and Ravdin (2) reported that bladder 
bile, liver bile and sodium taurocholate were all effective in promoting absorp- 
tion of oleic acid. The}'’ found, too, that sodium taurocholate was somewhat 
more effective in promoting absorption of oleic acid than was liver bile or gall- 
bladder bile. They used bile in quantities that furnished the same amount of 
taurocholate that they used in the taurocholate experiments. Our experiments 
were designed to show what the effect of bile, sodium taurocholate, sodium glyco- 
cholate, and sodium desoxycholate would be on the absorption of oleic acid. 

Experijiental. Our preliminary experiments were done using a Thiry 
fistula, and next a Johnston (3) loop. Neither of these proved entirely satis- 
factoiy, so a new type of closure for intestinal loops was devised (4). This new 
loop made quantitative introduction and removal of samples quite easy, and the 
closure was absolutely tight. 

One cubic centimeter of oleic acid and 29 cc. of water were introduced into the 
loops in preliminary tests, but this material was irritating, so sodium oleate 
was used as our test material, and our measure of absorption in all the experi- 
ments reported herein was made on sodium oleate. Tap water was used at 
first to irrigate the loops. Later saline Avas used, since Dennis (5) reported 
the possible toxic effect of distilled water on intestinal mucosa. No difference 
has been apparent in the tivo procedures. The loops Avere AA'ashed out Aiith 4 
separate 20 cc. volumes of saline before experimental periods. 

To measure the degree of absorption of sodium oleate AA'hen it AA’as introduced 
alone, sodium oleate solutions Avere introduced into the loop and enough AA'ater 
Avas added to make the total Amlume 30 cc. The material AA'as permitted to 
remain in the intestine 3 hours. The loops Avere then drained and rinsed 4 times 
AA-ith 20 cc. A'olumes of saline. The saline Avashings AA'ere combined AAuth the 
material drained from the loop for analysis. So the data might be easily com- 

‘ Grateful acknowledgment is made to the Elizabeth Thompson Science Fund for a 
grant which enabled this work to be done. 
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parable ivith those of Riegel et al. (2), an attempt was made to use 10 cc. of 10 
per cent sodium oleate in 30 cc. of solution. It was observed that such quantities 
caused a large flow of fluid into the loops, so the attempts to obtain closelj' com- 
parable data were abandoned. The quantities of sodium oleate used in e.xperi- 
ments in this paper were 500, 200 and 400 mgm., respectively. This meant that 
the concentrations of oleate in the 30 cc. of fluid introduced were 1.67, 0.67 
and 1.33 per cent. 

To test the effect of bile and bile salts on absorption of oleate, sodium oleate 
solutions were introduced into the loops with bile or whatever bile salt solution 
was to be tested, and the total volume made up to 30 cc. with water. Technical 
sodium taurocholate (Eastman) was used in most of the experiment. A few 
earlier experiments with sjmthetic sodium taurocholate (6) gave results quite 
comparable with those obtained vuth the technical material. The quantity 
used contained 257 mgm. of taurocholate, based on the sulfur content of the 
material. The quantity of bile used was that which contained 257 mgm. of 
taurocholate (from 2 to 4 cc. of gall-bladder bile from dogs). The glycocholate 
was equimolar, with respect to bile salt content, with the taurocholate used, 
so all 3 solutions were equimolar with respect to bile salts. Sixteen experiments 
were carried out on 7 dogs. IMien several experiments were done on the same 
animal, at least 2 weeks elapsed between experiments. 

■ Analyses were made as follows: the fluid obtained from an absorption experi- 
ment was acidified mth hydrochloric acid in a separatory funnel. This was ex- 
tracted with 3 separate 80 cc. portions of petroleum ether. The 3 fractions were 
combined and wmshed wdth about 150 cc. of water. The ether layer wms then 
centrifuged, and any water siphoned from the bottom. Anhydrous sodium sul- 
fate was added, the material shaken and again centrifuged. This procedure 
removed the wmter and the solid material which tended to collect at the interface 
between the ether and water layers. After filtration the ether w'as allowed to 
evaporate, the oilj^ residue taken up in 25 cc. of alcohol, and titrated with tenth- 
normal sodium Itydroxide. The difference between this titration and that ob- 
tained by a similar procedure on a quantity of oleate equal to that introduced 
into the loop ^Yas considered to be a measure of absorption of oleate by the dog. 

Results. The data showm in table 1, obtained after using 500 mgm. of so- 
dium oleate, indicate that it was absorbed to a considerable extent when left 
m the intestine for 3 hours, and was absorbed to a greater extent when bile 
was introduced with the oleate. Introduction of sodium taurocholate with the 
oleate decreased the per cent of absorption, rather than increasing it. Sodium 
glycocholate, not a normal constituent of dog bile, also failed to increase the 
per cent of absorption above that which occurred when oleate alone was intro- 
duced into the loop. In order to find wdiether a lower ratio of fatty acid to bile 
acid would enhance the absorption of fatty acid, a second group of experiments 

as carried out using only 200 mgm. of sodium oleate, but keeping the quantities 
of bile salts constant. 

The experiments with 200 mgm. of oleate were less satisfactory than those 
in vhich 500 mgm. or 400 mgm. of oleate were used, for the absolute values 
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TABLE 1 

Per cent of sodium oleate absorbed from jejunal loops of dogs after introduction alone 
or in combination with bile or bile salts* 

Per cent of oleate absorbed 


MATERIAL INTRODUCED 

DOG 1 

DOG 2 

EXPT. 1 

DOG 2 

EXPT. 2 

avjckau 

500 mgm. sodium oleate 

28.3 ± 2.2§ 

(2)t 

31.3 ± 4.2 
(7) 

35.4 ± 4.6 
(6) 

30.8 

600 mgm. sodium oleate -(- 257 mgm. so- 
dium taurocholate 

25.5 ± 6.6 
(3) 

15.2 ±2.7 
(4) 

23.0 ±16.7 , 

(3) 


500 mgm. sodium oleate -b 236 mgm. so- 
dium glycocholate 

22.4 ± 4.2 
(2) 

27.2 ±5.2 
(6) 

34.2 ± 1.4 
(2) 

26.6 

500 mgm. sodium oleate -b bladder bile 
containing 257 mgm. sodium tauro- 
cholate 

63.1 ± 6.6 
(3) 

38. 6 ± 8.8 
(3) 

47.3 ± 2.2 
(3) 

53.0 


MATERIAL INTRODUCED 


200 mgin. sodium ole- 
ate 

200 mgm. sodium ole- 
ate -(- 257 mgm. so- 
dium taurocholate 

200 mgm. sodium ole- 
ate -1- 230 mgm. so- 
dium glycocholate 

200 mgm. sodium ole- 
ate -f bladder bile 
containing 257 mgm. 
sodium taurocholate 


DOG 3 

DOC 4 

DOG 5 

DOG 6 
EXPT. 1 

DOG 6 
EXPT. 2 

DOG 7 
EXPT. 1 

DOG 7 
EXPT. 2 

AVER. 

AGE 

8.2 ± 3.5 
(3) 

60.5 ± 12.8 
(3) 

52.3 ± 4.9 
(5) 

49.1 ±2.3 
(3) 

72.8 ±1.1 
(6) 

43.9 ± 4.4 
(3) 

77.7 ± 3.7 
(6) 

48.5 

0.0 ± 0.0 
(3) 

33.6 ± 9.8 
(3) 

52.2 ± 7.9 
(4) 

0.0 ±0.0 
(3) 

31.6 ±5.9 
(6) 

22.8 ± 6.8 
(3) 

36.8 ± 8.1 
(3) 

26.3 

23.4 ± 2.9 
(3) 

0.0± 0.0 
(1) 

51.7 ±16.7 
(3) 

55.3 ±5.4 
(3) 

64.6 ±4.6 
(3) 

33.8 ± 10. e' 
(3) 

39.5±14.7 

(3) 

34.4 

39.8 ±14.6 
(3) 

48.7 ± 12.9 
(3) 

59.0 ± 6.6 
(4) 

58.9 ±2.2 
(3) 

68.3 ±3.0 
(3) 

43.0 ± 13.8 
(3) 

78.3 ± 4.7 
(3) 

54.2 


MATERIAL INTRODUCED 

DOG 6 1 

EXPT. 3 

DOG 6 
EXPT. 4 

DOG 6 
EXPT. 5 

DOG 7 
EXPT. 3 

DOG 7 
EXPT. 4 

. DOG 7 
EXPT. 5 

AVER- 

AGE 

400 mgm. sodium oleate 

46.7 ±3.1 
(3) 

40.3 ±4.1 
(3) 

57.4 ±4.1 
(6) 

41.2±1.6 

(3) 

56.3 ±2.6 
(3) 

49.8 ± 1.8 
(6) 

48.6 

400 mgm. sodium oleate -b 257 
mgm. sodium taurocholate 

5.5 ±1.9 
(3) 

17.3 ±3.1 
(3) 

30.3 ± 1.7 
(3) 

23.7 ±2.0 
(3) 

54.5 ±2.2 
(3) 

36.2 ±8.0 
(3) 

27.9 

400 mgm. sodium oleate + 236 
mgm. sodium glycocholate 

28.9 ±4.4 
(3) 

41.1 ±2.4 
(3) 

44.1 ±4.6 
(3) 

48.9 ±5.6 
(3) 

42.8 ±0.0 
(3) 

44.9 ±6.9 

(3) 

41.8 

400 mgm. sodium oleate + blad- 
der bile containing 257 mgm. 
sodium taurocholate 1 

56.7 ± 1.7 
(3) 

72.7 ±4.6 
(3) 

74.4 ±3.8 
(3) 

67.9 ±8.0 
(3) 

72.3 ±7.8 
(3) 

77.4 ±6.9 
(3) 

70.2 

400mgm. sodium oleate 4- 128.5 
mgm. sodium taurocholate + 
118 mgm. sodium glycocholate 


26.0 ±2.7 
(3) 

32.0 ±2.4 
(3) 

44.1 ±5.0 
(3) 

40.3 ±2.7 
(3) 


35.6 


* The oleate used u'as an aqueous solution. The bile salts ivere containedin2 cc. of solution. Enough water a as 
added to make the total volume introduced up to 30 cc. 
t Averages obtained by using only 1 value for each dog. 

J Number of experiments entering into mean. 


§ S.E. of mean 




Sd2 


(n-1)' 
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were small. For example, the quantity of tenth-normal sodium hj’-droxide required 
to titrate the acid removed from the loop of dog 7, experiment 2, averaged 
less than 1 cc. The larger percentage variations in experimental data for this 
group should probably have been expected on this basis. The general results 
of this group, hoivever, were the same as those found after using 500 mgm. of 
oleate, namely, absorption of oleate alone, a greater absorption when bile was 
admixed, and an inhibition of absorption bj"- bile salts. 

A third group of experiments was then carried out using 400 mgm. of oleate. 
The results were quite in accord with the general findings of the first 2 groups. 
In addition, mixtures of taurocholate and glycocholate were used, equimolar 
with the bile salt solutions already mentioned. These mixtures gave no evi- 
dence of enhancing absorption of oleate. 

The number of experiments performed wdth the several dogs was not always 
the same, so the 3 sets of average values given for different quantities of oleate 
used were obtained by using only 1 value for each animal on that procedure. 
This avoided the error of permitting values from one animal to overbalance the 
others. Since not all the dogs responded similarly in a given series, averaging 
values may be open to criticism. 

Each dog excreted a considerable quantit 5 ’' of fluid from the loop dailj’- when it 
was not undergoing absorption experiments. Although not measured, these 
volumes were observed to be considerably larger during the w^eeks of experimen- 
tation than during non-experimental periods. The decline in volume excreted 
from the experimental to the non-experimental periods required several days. 
Such activity maj’- have been due to the activity of a functioning loop, as com- 
pared to a non-functioning loop, during the quiescent periods. 

Discussion. Peters (7) has reported that taurocholate, in concentrations 
somewhat higher than those used in these experiments, inliibited absorption 
of chloride from intestinal loops. These experiments may not be directly re- 
lated to our observations on inhibition of absorption of oleate by taurocholate, 
for Peters used ileal loops. Peters found the normal ileal taurocholate con- 
centration to be lower than that of the duodenum. 

Riegel et al. (2) found that the absorption of oleic acid ivas not appreciable 
when introduced into the intestinal loops alone, while our data indicate that 
appreciable absorption of sodium oleate did occur. The present results are 
not necessaiily in disagreement with theirs, for in this ivork the sodium salt, 
which is soluble, was used. The finding of Riegel et ah, that taurocholate 
promoted absorption of oleic acid, maj’^ have been due to the alkaline reaction 
of the sodium taurocholate, which might have imparted to the oleic acid a tend- 
ency to dissolve and then be moi’e easilj'^ absorbed. 

Projected experiments with desoxycholate are not reported, for it was soon 
evident that desoxycholate in quantities equimolar wdth those used in the tauro- 
eholate experiments caused severe reactions in the intestinal mucosa. Blood 
I' as found in the few samples removed after introduction of sodium desoxycholate. 

Analysis of intestinal juice indicated that fatt 3 ’- acids were excreted regularly 
in small amounts, whether absorption experiments were in progress or not. 
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Fatty acids have been isolated from juice obtained from these loops. The re- 
sults -will be reported elsewhere. 


SUM^LARY 

Sodium oleate was absorbed to an appreciable extent from jejunal loops 
of dogs. 

Gall-bladder bile enhanced absorption of sodium oleate. 

Sodium taurocholate and sodium gtycocholate separated or together, in the 
concentrations used, failed to promote absorption of sodium oleate. 

The authors vdsh to thank Dr. R. W. Whitehead of the Medical School of 
the University of Colorado for making available the facilities of that institution. 
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• Pretdous experiments have shown that rats made hj'perglj'-cemic bj’’ removal 
of the pancreas had a decreased appetite for carbohydrate but an increased 
appetite for fat (Richter and Schmidt, 1941). On their dietarj”- selections, blood 
sugar and other diabetic s 3 ’-mptoms either diminished in intensit}’- or disappeared 
altogether. Further experiments have now been undertaken to determine 
whether normal rats made hj'-poglycemic bj"^ treatment with insulin will make 
an analogous compensatory effort to increase their blood sugar b}”- ingesting 
larger amounts of dextrose. 

Methods. Eleven male rats were kept separately in cages 10 x 8 x 13 inches, 
each of which contained a food cup and tw^o gi*aduated inverted 100 cc. bottles. 
The stock diet w^as made according to the following formula; 


Graham flour 725 grams 

Skim milk powder 100 grams 

Casein 100 grams 

Butter 50 grams 

Calcium carbonate 15 grams 

Sodium chloride 10 grams 


Of the caloric value of this diet, carbohjMrate constituted 60.1 per cent; fat, 
14,8 per cent; protein, 25.1 per cent. One bottle was filled with tap water, the 
other with a 40 per cent solution of dextrose. 

Dailj’- records w^ere made of the food and fluid intake, and w'eekly records 
were made of bodj’" weight. 

After 10 to 20 days, wEen the dextrose solution and winter intake had reached 
fairly constant levels, treatment with insulin w-as started. Daily injections of 
insulin (protamine zinc — 40 units per cc.) were given subcutaneouslj\ The 
initial dosage, 2 units (0.025 cc. per unit), w'as increased usually each daj’’ by 
increments of 0.4 unit over a period of 26 to 54 daj’^s until the rats died or a level 
of 16 units was reached. 

Results. Effect of insulin treatment on dextrose appetite. Figure 1 gives a 
tJTiical record obtained from one of the 11 rats. The daiR intake of the 40 per 
cent dextrose solution, food, and water is showm on the ordinates; age in daj^s, 
on the abscissae. The record also shows the daj's on which insulin injections 
ere given and the dosage. This rat was placed in the cage at an age of 73 
3j’s, and insulin injections w^ere started 20 daj'S later. During the pretreat- 

7S1 
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ment period the daily intake of the dextrose solution averaged 12.9 cc. Insulin 
injections, started at 2.0 units per daj’- and increased each daj>- in steps of 0.4 
unit, definitel}’- increased the dextrose appetite when a dosage of 6.0 units was 
reached. Thereafter the dextrose intake closelj’- paralleled the increase in 
dosage. At the termination of the 30-da3’- treatment period, when the dosage 
had reached 14.0 units, the dextrose intake was 42.0 cc. That the insulin in- 
jections had a specific effect on the dextrose appetite was shown bj’’ the fact that 
the treatment had onl}'- a small, if any, effect on the total food intake. Water 
intake showed a small decrease. 



Table 1 summarizes the results of the observations made with the 11 rats. 
The treatment period ranged from 26 to 54 da 3 '’S and averaged 43 da 3 ’’s. Four 
rats died during treatment — 26, 44, 46 and 54 da 3 ’'S respectively after the start. 
The average dail 3 '’ dextrose intake increased from 14.6 cc. for the 10 da 3 ^s before 
treatment to 31.5 cc. for the last 10 da 3 ’-s of treatment. This represented an 
average increase of 115.8 per cent (3.8 to 608.0 per cent). All 11 rats shoved 
an increased dextrose intake. For these same 10-da3'’ periods the average food 
intake increased from 10.1 to 12.1 grams, or only 19.8 per cent, vdth variations 
from —27.3 to 4-88.4 per cent. 

The total caloric intake, dextrose plus food, increased from 64.0 calories for 
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the 10 days preceding treatment to 98.8 calories. (See table 2.) Measured 
in calories per kilogram of bod}’- n’eiglit, the increase (233.3 to 274.3 calories) 
was relatively smaller since the animals gained so rapidly during treatment 
(from an average of 281 grams to 369 grams). The highest total caloric intake, 
as measured in calories per kilogram of bod}"- weight, is not much above the 
limits of the normal. 

The dextrose intake increased almost in direct proportion to the dosage of 
the insulin injections. Even during the first 10-day period, before the daily 
dosage reached 5 units, the dextrose intake of most of the rats showed a small 
but definite increase. For the 11 rats the average daily total caloric intake 
reached its maximum inth an average dose of 11.6 units, or 32.5 units per kilo- 


TABLE 1 
Insulin experiment 






40 PER CEHI DEXTROSE (CC.) 

POOD (grams) 

RAT NUMBER 

AGE AT 
START OF 
EXPERI- 
MENT 

DURATION OF 
TREATMENT 

DOSAGE OF 
INSULIN 

10 days 
imme- 
diately 
preced- 
ing 
treat- 
ment 

Last 10 
days of 
treat- 
ment 

Increase 

I 

Last 10 
daj's of 
treat- 
ment 

Increase 

or 

decrease 

1 

days 

days 

44 — died 

units 

2.0-12.4 

18.2 

31.5 

per cent 

73.1 

10.0 

13.2 

per cent 

32.0 

2 

83 

46 — died 

2.0-16.4 

13.7 

26.6 

94.2 

10.4 

15.6 

50.0 

3 

83 

31 

2.0-13.2 

13.1 

33.4 

155.0 

9.1 

10.1 

10.9 

4 

83 

26 — died 

2.0-11.5 

15.2 

43.0 

182.9 

9.4 

8.4 

-10.6 

5 

82 

54 — died 

2.0-15.5 

11.1 

17.9 

61.3 

10.3 

17.7 

71.8 

6 

77 

41 

2.0-15.0 

10.8 

34.3 

217.6 

10.9 

9.7 

-11.0 

7 

77 

54 

2.0-16.0 

8.1 

31.0 

282.7 

13.2 

14.6 

10.6 

8 

201 


2.0-16.0 

21.5 

32.9 

53.0 

7.8 

14.7 

88.4 

9 

201 

34 

2.0-12.0 

5.0 

35.4 

608.0 

12.8 

9.3 

-27.3 

10 

204 

52 

2.0-16.0 

20.6 

35.8 

73.8 

8.8 

7.0 

-20.4 

11 

204 

45 

2.0-16.2 

23.7 

24.6 

3.8 

9.0 

12.4 

37.7 

.4verage 

118 

43 


14.6 

31.5 

115.8 


12.1 

19.8 


gram of body weight. Larger doses did not usually further increase this dextrose 
intake. 

Effect on dextrose appetite of discontinuation of insulin treatment. The typical 
record in figure 1 sKoavs that for tAvo days after the last insulin injections the 
dextrose intake still remained on a very high leA'^el; then precipitately it dropped 
almost to zero and remained there for a few days. After that it gradually 
increased again. Food intake also dropped to a Ioav leA’el immediately after 
discontinuation of the insulin treatment. 

Table 3 summarizes the results. It giA'^es the aA’-erage daily dextrose and food 
intake in calories for the last 10 days of the insulin treatment and for the 10-day 
period follGAAing the third day after the last injection. Only 7 rats surA'iA'ed the 
fieatment; the other 4 died in coiiA'ulsions, apparentlj’^ due to a too rapid increase 
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in dosage. The average daily dextrose intake decreased from 51.6 calories for 
the last 10 days of treatment to 6.2 calories, which represents a decrease of 88.0 
per cent. Food intake decreased from 43.8 to 11.4 calories, or 74.0 per cent. 
Total calories decreased from 95.3 to 17.5, or 81.6 per cent. 

TABLE 2 


Caloric intake for the 10 day period immediately before treatment and the last 10 day period 

of treatment 


EAT NUMBER 

10 DAYS nniEDIATELY BEFORE TREATMENT 

LAST 10 DAT PERIOD DURING TREATMENT 

Body weight 

Calorics (food 
and dextrose) 

Calories (kgm. 
body weight) 

Body weight 

Calories (food 
and dextrose) 

Calories (kgm. 
body weight) 


grams 



grams 



1 

300 

69.1 

230.3 

354 

113.2 

319.8 

2 

235 

63.5 

270.2 

380 

105.0 

276.3 

3 

212 

57.4 

270.8 

293 

93.8 

320.1 

4 

215 

61.9 

287.9 

274 

102.4 

373.7 

5 

247 

59.0 

238.9 

374 

99.4 

265.8 

6 

253 

60.9 

240.7 

337 

93.7 

278.0 

7 

273 

65.8 

241.0 

373 

108.0 

289.5 

8 

356 

65.6 

184.2 

468 

103.8 

221.8 

9 

303 

59.2 

195.4 

354 

93.8 

265.0 

10 

348 

68.2 

196.0 

427 

85.3 

199.8 

11 

350 

73.9 

211.1 

428 

89.0 

207.9 

Average 

281 

64.0 

233.3 

369 

98.8 

274.3 


TABLE 3 


Average daily caloric intake for rats surviving treatment 


RAT NUMBER 

DEXTROSE 

FOOD 

TOTAL CALORIES 

Last 10 
days of 
treatment 

*10 days 
following 
treatment 

Per cent 
decrease 

Last 10 
days of 
treatment 

*10 days 
following 
treatment 

Per cent 
decrease 

Last 10 
days of 
treatment 

*10 days 
following 
treatment 

Per cent 
decrease 

3 

53.4 

5.6 

89.5 

40.4 

11.2 

72.3 

93.8 

16.8 

82.1 

6 

54.9 

3.8 

93.1 

38.8 

13.2 

66.0 

93.7 

17.0 

81.9 

7 

49.6 

10.9 

78.0 

58.4 

12.0 

79.5 

108.0 

22.9 

78.8 

8 

49.4 

7.5 

84.8 

54.4 1 

7.2 

86.8 

103.8 

14.7 

85.8 

9 

56.6 

6.1 

89.2 

37.2 

8.4 

77.4 

93.8 

14.5 

84.5 


57.3 

1.0 

98.3 

28.0 

13.2 

52.9 

85.3 

14.2 

83.4 

11 

39.4 

8.3 

78.9 

49.6 

14.4 

71.0 

89.0 

22.7 

74.5 

Average 

51.5 

6.2 

88.0 

43.8 

11.4 

74.0 

95.3 

17.5 

81.6 


* Ten day period started on 3rd day after discontinuation of treatment.' 


IMacKay and Callaway (1937) and Macivay, Callaway and Barnes (1940) 
have reported that protamine zinc insulin injections increased the food intake 
and the fat deposition in rats. Our results show that, although the total caloric 
intake is increased due to the increased dextrose intake, the intake of stock diet 
maj' actual!}' be decreased. Our results confirm their findings of the shaip 
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decrease in food intake which occurs immediately after the cessation of the 
insulm injections. 

Of special interest is the fact that shortly after the end of this lO-daj- post- 
treatment period the dextrose began to increase again, ultimatelj^ reaching a 
constant level well above that present before treatment. Food intake never 
regained its pretreatment level. Figure 1 shows this difference between the 
dextrose and food intake after the discontinuation of the treatment. For this 
animal in the 10-day period taken 40 to 50 days after the last injection, the 
dextrose intake averaged 18.0 cc., as compared to 12.9 cc. for the pretreatment 
period; and the food intake was 6.8 grams, as compared to the average of 9.1 
grams for the pretreatment period. 

Table 4 summarizes the results. It gives the average dailj’’ caloric intake for 
dextrose and food of the 7 rats surviving treatment for the 10-day pretreatment 
period, for the last 10-day treatment period, and for the lO-da}-- period from 40 
to 50 daj’^s after treatment was stopped and dextrose and food intake had at- 

TABLE 4 


Average daily caloric intake before, daring, and after insrilin treatment (7 rats) 



DEXTROSE 

FOOD 

TOTAL 

DEXTROSE 

ratio: 

FOOD 

Pretreatment (10-day average) 

23.5 

40.9 ! 

i 

64.4 

23.5 

40.9 " 

Treatment period (last 10 days) 

51.4 

43.8 

95.2 

51.4 

43.8 ” 

i 

Post-treatment (40-50 days) 

1 

29.9 

1 

27.2 

1 

57.1 

29.9 

27.2 ~ 


tained fairly constant levels. Dextrose intake increased from 23.5 calories 
liefore treatment to 51.4 during treatment, and then decreased to 29.9 after 
treatment, or 6.4 calories above the pretreatment level. Food intake decreased 
from 40.9 for the pretreatment period to 27.2 for the post-treatment period, or 
13.7 calories. The total caloric intake decreased from 64.4 to 57.1 calories. 
The ratio of dextrose to food intake increased from 0.57 for the pretreatment 
period to 1.17 during treatment and to 1.10 for the post-treatment period. 

Observations made on 6 control rats treated with exactly the same doses of 
insulin but not given access to dextrose show that the increased dextrose intake 
had beneficial effects on the experimental rats. Four of these 6 rats died after 
5, 11, 12 and 21 days of treatment with stUl relativelj’’ small doses. Two were 
still alive after 34 days when treatment was stopped. In the experimental 
group only 4 of the 11 rats died and not until after 26, 44, 46 and 54 da 3 ’^s when 
the dosage had increased to relativeh’’ high levels. 

Discussion. The present results bring further evidence to show that when 
the phj^siological means of maintaining a constant internal environment break 
down or are removed, as for instance after glandular disease or extirpation, 
the Avhole animal reacts toward homeostasis. Thus, rats deprived of their 
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adrenal glands seek salt and by virtue of their increased salt intake keep them- 
selves alive and free from symptoms of insufficiency (Richter, 1936). Likemse, 
parathyroidectomized rats take calcium and as a result keep themselves alive 
and free from s 3 '-mptoms of tetany (Richter and Eckert, 1937). In the present 
experiments the rats made hypoglycemic by insulin treatment attempted to 
restore their blood sugar to its normal level by ingesting large amounts of dex- 
trose. The fact that the rats did not eat more stock food at the same time 
demonstrates that they had a specific need for dextrose. Furthermore, the 
sharp but temporary decrease in dextrose appetite which followed the discon- 
tinuation of treatment may have indicated that for a short time the rats had a 
decreased need for dextrose. During this time the large amounts of fat stored 
up during insulin treatment must hai^e supplied most of the animals’ energy 
needs. This storage maj'' be regarded as another instance of the inverse rela- 
tionship that our self-selection experiments have shown almost invariabl}' 
exists between carbohydrate and fat appetite. The decreased dextrose appetite 
ma}'^ also indicate the presence of a temporary hj'^pergljmemia. Clinicall}’- high 
blood sugars have been found -within the first few days after removal of pan- 
creatic adenomata (Whipple and Frantz, 1935). From the same point of view 
the increased dextrose appetite and lowered food appetite present after dis- 
continuation of treatment may indicate that insulin treatment maj’- have rested 
the pancreatic cells so much that thej’’ secreted more rather than less insulin. 
This excessive secretion may have resulted in a mild state of hj’-perinsulinism. 
Clinically it has been found that low blood sugar levels often ma}'- persist after 
the otherwise apparently successful removal of pancreatic tumors (Fraser, 
McClay and Mann, 1938; "Whipple and Frantz, 1935; and West and Kahn, 1939). 

SUMMARY 

1. Eleven adult rats treated daily A\ath progressively increasing doses of 
insulin (from 2 to 16 units per day for 26 to 54 days) all manifested a markedlj’- in- 
creased appetite for a 40 per cent solution of dextrose. Tlie average daib”- 
dextrose intake increased from 14.6 cc. for the last 10 days before treatment to 
31.5 cc. for the last 10 days of insulin injections. 

2. For the same periods the intake of stock food increased onh’’ from 10.1 
to 12.1 grams, thus demonstrating the specificity of the dextrose appetite. 

3. Apparently the rats made an effort to correct the lowered blood sugar by 
ingesting large amounts of dextrose. 

4. Discontinuation of treatment caused a sharp but temporaiy decrease 
in dextrose appetite to almost zero level for several daj'-s. Food intake showed 
a less sharp decrease. By their appetites the rats indicated that during this 
time they needed less sugar. 

5. Several iveeks after discontinuation of insulin treatment the dextrose 
appetite was greater than during the pretreatment period, and food intake was 
lower. This Avas taken to indicate that a mild degree of lyperinsulinism still 
existed. In agreement A\dth this, clinical experience on human beings has 
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shown that after removal of a pancreatic tumor low blood sugar levels may persist 
for long periods. 

This investigation Avas carried out under a grant from the Corn Industries 
Research Foundation. 
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